i@3t  Available  Copy 


UNITED  STATES  ARMY 


TRAINING  AND  DOCTRINE  COMMAND 


UNITED  STATES  ARMY  MATERIEL  COMMAND 


LIGHT  HELICOPTER  FAMILY 


TRADE-OFF  ANALYSIS 


4CD'5  0 1  llcOlh 


APPENDIX  R 


VOLUME  VII 


ACN:  69396 


107  of  130  copies. 


DTIC 

^ELECTEpT| 
,  AUG  1  3  1985  I 


15  May  1985 


ss 


05  04 


Thin  document  has  boon  approved 
tag  public  releaeo  and  note;  Its 
(attribution  In  unlimited. 


rii' 


IECUR1TY  CLASSIFICATION  Of  THIS  PAOE  (When  Dmtm  Entered) 


REPORT  DOCUMENTATION  PAGE 


ACN  69396 


A.  TITLE  (on*  iuktlUe) 

LIGHT  HELICOPTER  FAMILY  TRADE-OFF  ANALYSIS, 
APPENDIX  R,  VOLUME  VII  of  XI,  Human  Factors/ 
Man-Machine  Interface  (HF/MMI) 


U AD  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


*.  RECIPIENT*!  CATALOe  NUMBER 


I.  TYRE  or  REPORT  *  PERIOD  COVEREO 

Final  Study  Report, 

7th  of  11  volumes 


I.  PERPORM1NO  ORO.  REPORT  NUMBER 


.  AUTHONft) 

Plint  W.  Hickman,  Richard  N.  Armstrong, 
^Nathan  Cleek 


S.  PKRFORMINO  9ROANIZATION  NAME  AND  ADDRESS 

LHX  Study  Group 
ATTN:  ATZQ-D-C(LHX) 

Fort  Rucker,  AL  36362-5000 


II.  CONTROLLINO  OPPICE  NAME  ANO  ADDRESS 

HQ  US  Army  Training  and  Doctrine  Command 
ATTN:  ATCD-A 

Fort  Monroe,  VA  23651-5000  _  _ _ 


.  MONITORING  AOIKNCY  MAM*  *  AQDRRISflf  (m  ContfoJJJntf  Ottttm) 


OR  orant  number^*; 


PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  S  WORK  UNIT  NUMBERS 


IS.  REPORT  OATE 

15  May  85 


IS.  HUMBER  or  PAOES 
682 


IS.  SECURITY  CLASS,  (cl  title  report) 

UNCLASSIFIED 


IS*.  DECLASSIFICATION/DOWNORADINO 
SCHEDULE 


«.  DISTRIBUTION  STATEMENT  (cl  Me  Report) 


Approved  for  public  release;  distribution  is  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ml  «M  ekettomt  emtece*  hr  Mock  30,  II  iMIermtt  Item  Report) 


IS.  SUPPLEMENTARY  NOTES  ..  „ 

Other  contributors  include:  Gilbert  G.  Kuperman,  T.B.  Aldrich,  W.  Craddock, 

J.H.  McCracken,  the  Air  Force  Aerospace  Medical  Research  Laboratory,  Frank  J. 
Malkin,  Kathleen  A.  Christ,  Douglas  E.  Landon,  James  W.  Voorhees,  Nancy  M.  Bucher 
Sandra  G.  Hart,  and  Thomas  B.  Sheridan 


IS.  KEY  WOROS  (Contbnuo  ett  tororoo  el* o  It  oocooemy  m d  Identity  6?  block  mmbor) 

Human  Factors  Automatic  Tracking  Terrain 

Man-machine  Navigation  Recognition  Integrated 

Automation  Detection  Threat  Integrate 

Automated  Acquisition  Analysis  Integration 

Automate  Track  Management  Intelligence 


Simulations  HF/MMI 
Single-Pilot  Helmet 
Overload  Voice 
Artificial  VCASS 
(Cont'd  on  reverse.) 


20.  ABSTRACT  (Cemtteue  em  toeorwe  ete M  R  nT  em*  Identity  br  blockmmkor)  _ _ .  , 

The  HF/MMI  analysis  portion  of  the  Light  Helicopter  Family  (LHX)  Trade-Off  Analy¬ 
sis  (T0A)  found/concluded:  (1)  A  fully  automated  LHX  can  be  operated  by  a  two- 
member  crew  without  crew  overload;  (2)  A  fully  automated  LHX  cannot  be  operated 
by  a  one-member  crew  without  crew  overloads  during  critical  mission  segments 
such  as  air-to-air  combat  and  reconnaissance;  (3)  Operational  analysis  indicates 
the  two-crew  LHX  would  be  more  survivable,  more  effective,  and  safer  to  fly.  It 
also  significantly  reduces  program  risk;  (Continued  on  reverse.) 


I  JW7I 


EDITION  Or  »  MOV  BE  IS  OBSOLETE 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OP  THU  PACE  (Wkom  Dele  "Entered) 


REPRODUCTION  QUALITY  NOTICE 


This  document  is  the  best  quality  available.  The  copy  furnished 
to  DTIC  contained  pages  that  may  have  the  following  quality 
problems: 

•  Pages  smaller  or  larger  than  normal. 

•  Pages  with  background  color  or  light  colored  printing. 

•  Pages  with  small  type  or  poor  printing;  and  or 

•  Pages  with  continuous  tone  material  or  color 
photographs. 

Due  to  various  output  media  available  these  conditions  may  or 
may  not  cause  poor  legibility  in  the  microfiche  or  hardcopy  output 
you  receive. 


□  If  this  block  is  checked,  the  copy  furnished  to  DTIC 
contained  pages  with  color  printing,  that  when  reproduced  in 
Black  and  White,  may  change  detail  of  the  original  copy. 


UNCLASSIFIED 

1 

-J 

SECURITY  CLASSIFICATION  OF  THIS  RAOEfWTion  CN<  EntmaQ 

ITEM  20  (Cont  *d) : 

(4)  Automation  will  be  necessary  in  either  a  one-  or  two-crewmember  aircraft. 

The  following  automation  functions  are  particularly  important  for  a  single¬ 
crewmember  LHX: 

Voice  Interactive  Systems  Integrated  fire  and  flight  control 
Automatic  navigation  Integrated  flight  engine  control 

Automatic  threat  analysis  Integrated  flight  path  control 

Automatic  threat  management  Wide  FOV  helmet-mounted  display 
Artificial  intelligence  Automatic  target  detection,  acquisition, 

concepts  tracking,  and  recognition 

Terrain  following/terrain  avoidance  (TF/TA) 

(5)  The  initial  LHX  design  should  include  two  crewmembers  until  critical  tech¬ 
nologies  are  sufficiently  mature  and  results  from  ARTI  and  governemnt  crew-size 
simulations  can  validate  the  single-pilot  goal. 

•  Thirteen  subanalyses  were  performed  and  reported  in  Annexes  found  within  this 
HF/MMI  volume.  Their  titles  follow  and  are  fairly  descriptive  of  both  the  sub¬ 
study’s  emphasis  and  contents:  Cl)  ^Projective  Application  of  the  Subjective 
Workload  Assessment  Technique  to  Advanced  Helicopter  Crew  System  Designs’*;  (2) 
'''’Human  Factors  Engineering  Review  of  the  Integrated  Crewstation  for  the  LHX“; 

(3)  “Tactical  Implications  of  One-Man  Versus  Two-Man  Aircrews  for  the  LHX”;  (4) 
"A  Computer  Analysis  to  Predict  Crew  Workload  During  LHX  Scout-Attack  Missions*^ 

(5)  “Visually  Coupled  Airborne  Systems  Simulator  CVCASS)  LHX  Cockpit  Simulation 

(6)  “Human  Factors  Assessment  of  Voice  Technology  for  the  LHX  Cockpit  Simula¬ 
tion”;  (7)  ^“Issues  for  a  Trade-Off  Analysis  of  Conventional  Versus  Advanced  Cock 
pit  Controllers  for  the  LHX”;  (8) ‘"Biomedical  Analysis  of  Visual  Displays  and 
Cockpit  Design  Options  for  the  LHX”;  (9)  ”NBC  Contamination  Protection,  Detec¬ 
tion,  and  Decontamination  Concepts  Analysis  for  the  LHX*;  (lD)~^Human  Factors 
Engineering  Assessment  of  Navigation  Systems  for  the  LHXyf;  (11)  ^he  Integra¬ 
tion  of  Voice  and  Visual  Displays  for  Aviation  Systems’^  (12)  theory  and 
Measurement  of  Human  Workload1*;  (13)  “Pilot  Workload,  Performance,  and  Aircraft 
Control  Automation’^’ 

ITEM  19  (Cont’d): 


Workload  Simulate  Display  Contamination  Chemical  Aircraft 

Crewstation  Simulation  Displays  Nuclear  System  Helicopter 

One-Man  Cockpit  Visual  Decontamination  Systems  Tilt  rotor 

Two-Man  Interactive  NBC  Biological  Human 


_ UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PAOE<TWi«i  Call  Bnfnd) 


/£>-  A/s*o% 


/?-  3k 

ft-T- 
f\-TL  -  5,  y 
ft  -m-Zyt 
R-T£~^  ^43 

ft'YT-  3,^,2 

ft-  W-  a,  y 

fi-jr  -  a,  y 


^~rrc 


*■*  n 


-Fj>aq_ 

*  '  -*  PQ 


UNCLASSIFIED 


UNITED  STATES  ARMY  TRAINING  AND  DOCTRINE  COMMAND 


UNITED  STATES  ARMY  MATERIEL  COMMAND 


LIGHT  HELICOPTER  FAMILY  TRADE-OFF  ANALYSIS 


APPENDIX  R 


VOLUME  VII 


ACN:  69396 


15  May  1985 


Accession  For 


NIIS  GRA&I 
DTIC  TAB 
Unannounced 
Justification- 


□ 


By__ _ 

Distribution/ 
Availability  Codes 
Avail  and/or  _ 
Special 


Dist 


M 


i 

UNCLASSIFIED 


UNCLASSIFIED 


NOTICES  (U) 


DESTRUCTION  NOTICE 

When  this  report  is  no  longer  needed,  Department  of  the  Army  organizations 
will  destroy  it  in  accordance  with  the  procedures  given  in  AR  380-5.  Navy  and 
Air  Force  elements  will  destroy  it  in  accordance  with  applicable  directives. 
All  others  will  return  the  report  to  Headquarters,  United  States  Army  Training 
and  Doctrine  Command. 


DISCLAIMER 

The  findings  in  this  report  are  not  to  be  construed  as  an  official  Department 
of  the  Army  position,  unless  so  designated  by  other  authorized  documents. 


ii 


UNCLASSIFIED 


UNCLASSIFIED 


LIGHT  HELICOPTER  FAMILY 
TRADE-OFF  ANALYSIS 
(LHX  TO A) 

TABLE  OF  CONTENTS  (U) 

iasi 

,  TITLE  PAGE  .  1 

”  NOTICES  .  II 

TABLE  OF  CONTENTS  . til 

«• 

INDEX  OF  FIGURES  .  lx 

GLOSSARY  .  xl 

VOLUME  I 

EXECUTIVE  SUMMARY  . 1 

APPENDIX  A.  Draft  Study  Directive  .  A-l 

APPENDIX  B.  Essential  Elements  of  Analysis  . B-l 

APPENDIX  C.  Follow-on  Actions  . C-l 

APPENDIX  D.  References  .  D-l 

APPENDIX  E.  Glossary  .  E-l 

APPENDIX  F.  Contractual  Agreements  . . . . .  F-l 

APPENDIX  G.  Study  Contributors  . G-l 

APPENDIX  H.  Distribution  . H-l 

VOLUME  II 

*♦  APPENDIX  I.  Threat  .  1-1 

APPENDIX  J.  Methodology  .  J-l 

t  APPENDIX  K.  Models  .  K-l 

ANNEX  K-I.  Helicopter  Mission  Survivability 

(HELMS)  Model  .  K-I-l 

ANNEX  K-II.  Helicopter  Air  Combat  Effectiveness 

Simulation  (HACKS)  Model  .  K-II-1 

iii 

UNCLASSIFIED 


UNCLASSIFIED 

TABLE  OP  CONTENTS  (continued)  (U) 

Page 

ANNEX  K-1II.  Evaluation  of  Air  Defense  Effectiveness  II 


(EVADE  II)  .  K-III-1 

ANNEX  K-IV .  American  Power  Jet  (APJ)  Multiattribute 

Decision  Model  Description  .  K-IV-1 

ANNEX  K-V .  Helicopter  Survivability  Assessment 

Model  (HSAM)  .  K-V-l 

ANNEX  K-V  I.  Operational  Readiness  Assessment  Model 

(OPRAM)  .  K-VI-1 

APPENDIX  L.  LHX  Needs  Substudy  .  L-l 

ANNEX  L-I.  Systems  Attributes  Document  for  the  Light 

Helicopter  Family  (LHX)  .  L-I-l 

ANNEX  L-II.  Light  Helicopter  Family  (LHX)  Mission 

Profile  Prioritization . . . .  L-II-1 

ANNEX  L-II I.  Settings  for  Family  of  Light  helicopters 

(LHX)  Trade-Off  Analysis  .  L-III-1 

VOLUME  III 

APPENDIX  M.  Environmental  Substudy  . . . . . .  M-l 

ANNEX  M-I.  Environmental  Effects  Upon  Light  Helicopter 
Family  (LHX)  Engine  Performance  in  the 

Trade-Off  Analysis  (TOA)  Study  Area  .  M-I-l 

ANNEX  M-I I.  Light  Helicopter  Family  (LHX)  Engine 

Performance  and  Environmental  Analysis 

for  Other  Selected  Areas  of  the  World  . .  M-II-1 

VOLUME  xV 

APPENDIX  N.  Aircraft  Performance  and  Subsystems  . . .  N-l 

ANNEX  N-I .  Light  Helicopter  Family  (LHX)  Subsystems  .  N-I-l 

ANNEX  N-II.  Struct ures-Pertinent  Issues  and  System 

Characteristics  . N-II-1 


iv 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  OF  CONTENTS  (continued)  (U) 

Page 

ANNEX  N-III.  Light  Helicopter  Family  (LHX)  Deployability  .  N-III-1 

ANNEX  N-IV.  Vertical  Flight  (VF)  Analysis  .  N-IV-1 

ANNEX  N-V  .  Maneuver ability/Agility  (M/A)  Analysis  . N-V-l 

ANNEX  N-V I.  Level  Flight  Analysis-Speed  .  N-VI-1 

ANNEX  N-V II.  Level  Flight  Analysis-Cruise  Efficiency  .  N-VII-1 

ANNEX  N-V III.  Level  Flight  Analysis-One  Engine 

Inoperative  (OEI)  .  N-VIII-1 

ANNEX  N-IX.  Multiple  Attribute  Decision  Making 

(MADM)  Analysis  .  N-IX-1 

ANNEX  N-X.  Aircraft  Performance  and  Engine  Power  Margin  .  N-X-l 

VOLUME  V 

APPENDIX  0.  Mission  Equipment  Package  Analysis  . 0-1 

VOLUME  VI 

APPENDIX  P.  Weapons  Analysis  . . P-1 

APPENDIX  Q.  Survivability  .  Q-l 

ANNEX  Q-I.  Modeling  Data  . . Q-I-l 

ANNEX  Q-II.  Hardening  Levels  . - . .  Q-II-1 

ANNEX  Q-III.  Mathematical  Description  of  Computation  of 

Reduction  in  Mission  Nonhit  Probabilities  .  Q-III-1 

VOLUME  VII 

APPENDIX  R.  Human  Factors/Man-Machine  Interface  Assessment  .  R-l 

ANNEX  R-I.  Projective  Application  cf  the  Subjective 
Workload  Assessment  Technique  to 

Advanced  Helicopter  Crew  System  Designs  .  R-I-l 

ANNEX  R-II.  Human  Factors  Engineering  Review  of  the 
Integrated  Crewstation  for  the  Light 

Helicopter  Family  (LHX)  . . . .  R-II-1 

v 

UNCLASSIFIED 


UNCLASSIFIED 

TABLE  OF  CONTENTS  (continued)  (U) 


1S31 

ANNEX  R-III.  Tactical  Implications  of  One-Man  Versus 

Two-Man  Aircrews  for  the  Light  Helicopter 

Family  (LHX)  (Partial  Report)  .  R-III-1 

ANNEX  R-I7  .  A  Computer  Analysis  to  PredicL  Crew 
Workload  During  LHX  Scout-Attack 

Missions  . . . . .  R-IV-1 

ANNEX  R-V .  Visually  Coupled  Airborne  Systems 

Simulator  (VCASS)  Light  Helicopter 

Family  (LHX)  Cockpit  Simulation . . .  R-V-l 

ANNEX  k~VI.  Human  Factors  Assessment  of  Voice 

Technology  for  the  Light  Helicopter 

Family  (LHX)  Cockpit  Simulation  . . .  R-VI-1 

ANNEX  R-V II.  Issues  for  a  Trade-Off  Analysis  of 

Conventional  Versus  Advanced  Cockpit 

Controllers  for  the  LHX  . . .  R-VII-L 

ANNEX  R-VIII.  Biomedical  Analysis  of  Visual  Displays  and 
Cockpit  Design  Options  for  the  Light 

Helicopter  Family  (LHX)  .  R-VIII-1 

ANNEX  R-IX.  Nuclear,  Biological,  and  Chemical  (NBC) 

Contamination  Protection,  Detection, 
and  Decontamination  Concepts  Analysis 

for  the  Light  Helicopter  Family  (LHX)  .........  R-IX-1 

ANNEX  R-X.  Human  Factors  Engineering  Assessment 

of  Navigation  Systems  for  the  Light 

Helicopter  Family  (LUX)  . .  R-X-  ’ 

ANNEX  R-XI.  The  Integration  of  Voice  and  Visual 

Displays  for  Aviation  Systems  .  R-XI-1 

ANNEX  R-XII.  Theory  and  Measurement  of  Human  Workload  ........  R-XII-I 

ANNEX  R-XI I I .  Pilot  Workload,  Performance,  and 

Aircraft  Control  Automation  . R-XIII-I 

VOLUME  VIII 

APPENDIX  S.  Force  Structure  .  S-l 

ANNEX  S-I.  References  . . . .  S-I-l 

vi 


UNCLASSIFIED 


TABLE  Or  CONTENTS  (continued)  (U) 


ANNEX  S 
ANNEX  S' 
APPENDIX  ’ 

ANNEX  T 

ANNEX  T 
VOLUME  IX 
APPENDIX  I 
ANNEX  U- 
ANNEX  U- 
ANNEX  U 
ANNEX  U- 
ANNEX  U- 
ANNEX  U- 
ANNEX  U- 
ANNEX  II- 
ANNEX  U- 
ANNEX  U- 

ANNEX  U- 
ANNEX  U' 
VOLUME  X 
APPENDIX  \ 
ANNEX  V- 


Page 

-II.  Supporting  Data  . . .  S-II-1 

-III.  Input  Data  . S-III-1 

I'.  Reliability,  Availability,  and 

Maintainab llity/Logistics  ( RAM/LOG > 

Analysis  . T-l 

-I.  Failure  Definitions  and  Scoring  Criteria 

(FD/SC)  . • .  T-I-l 

-II.  Material  Developer  Analysis  .  T-II-1 

J.  Training  .  U-l 

-I.  References  .  U-I-l 

-II.  Aviator  Task  List  .  U-II-1 

-III.  Maintainer  Tasks  . U-III-1 

-IV.  Acknowledgements  and  Points  of  Contact  . U-TV-1 

-V  .  Training  Device  Description  . U-V-l 

-VI.  Aircraft  Delivery  . . U-VI-1 

-VII.  Current  US  Army  Aviation  Course  Inform  ition .  U-VII-I 

-VIII.  STRAWMAN  Aviator  Programs  of  Instruction  .  U-VIII-1 

-IX.  Models/Output  . U-IX-1 

-X.  Potential  Embedded  Training  Applications 

for  the  Light  Helicopter  Family  (LHX)  . .  U-X-l 

-XI.  Two-Seat  Training  Aircraft  Requirements  .  U-XI-1 

■XII.  LHX  Training  System  Annex  and  Rationale  .  U-XII-1 

Safety  . V-l 

T.  References  . . . . .  V-l-1 


vii 

UNCLASSIFIED 


UNCLA  SIRED 

TABLE  OF  CONTENTS  (continued)  (U) 

Page 

ANNEX  V-II.  Candidate  Aircraft  Descriptions  . . . .  V-II-1 

ANNEX  V-III.  Trade-Off  Determination  (TOD)  Light 

Helicopter  Family  (LHX)  Data  . .  V-III-1 

ANNEX  V-r;  .  Projected  Accident  Rates  and  Costs  .  V-IV-1 

ANNEX  V-V.  Candidate  Aircraft  Fleet  Sizes  and  Costs  .  V-V-l 

APPENDIX  W.  Cost  Analysis  . .  W-l 

ANNEX  W-I.  References  .  W-I-l 

ANNEX  W-  I.  Cost  Data  . . .  W-1I-1 

APPENDIX  '  .  Commonality  . . .  X-l 

APPENDD  ...  Downwash  . . . . .  Z-l 

VOLUME  XI 

APPENDIX  n  .  APJ  Report  .  V-l 


viii 

UNCLASSIFIED 


UNCLASSIFIED 


APPENDIX  R 

HUMAN  FACTORS /MAN-MACHINE  INTERFACE  (HF/MMI)  ANALYSIS  (U) 
LIST  OF  FIGURES  (U) 


t-  i 

h 

to 

Figure 

Number 

1 ) 

"i. 

R-l 

[y 

•• 

R-2 

r  1 

1  j 

R-3 

1  | 

R-4 

'  if 

7j 

H 

R-5 

r| 

t  ‘‘  A 

R-6 

;  * 

;; 

> 

R-7 

h 

R-8 

t 

f  i 

R-9 

ti 

.  * 

-n 

!  71 
l''* 

1 ' ' 

R-10 

R-ll 

1  J 

R-12 

{■  5 

*■  J 

M 

R-13 

f  < 

R-14 

ii 

f  i 

* 

R-15 

k 

f  7 

* 

R-16 

jj 

i 

R-17 

R-18 

il 

1 

R-19 

Title  Page 

The  scout/attack  mission  . . . .  R-4 

LHX  baseline  configuration  (20°  x  30°  FOV)  . R-10 

LHX  option  1  configuration  (30°  x  40°  FOV)  .  R-ll 

LHX  option  2  configuration  (60°  x  90°  FOV)  . R-12 

LHX  option  3  configuration  (60°  x  120°  FOV)  .  R-13 

LHX  option  4  configuration  (120°  x  220°  FOV)  . . .  R-14 

LHX  workload — cruise  . . . . .  R-15 

LHX  workload — pre-FLOT  .  R-16 

LHX  workload — ingress  . R-17 

LHX  workload — approach  to  B.P . . .  R-18 

LHX  workload — A/G  . . . . .  R-19 

LHX  workload — A/A  . . . .  R-20 

The  virtual  cockpit  . . . .  R-22 

The  total  display  concept  . R-24 

Mean  of  pilot  ratings  of  FOV  effects  on  mission 

and  mission  functions  . . . . .  R-25 

Probability  of  survival  . . . . .  R-34 

Voice  command — allows  hands-on/heads-up  operations  .  R-69 

Automatic  navigation  . R-70 

Automatic  target  recognition  .  R-71 


UNCLASSIFIED 


UNCLASSIFIED 


Figure 

Number 

R-20 

R-21 

R-22 

R-23 

R-24 

R-25 

R-26 

R-27 

R-28 

R-29 


LIST  OF  FIGURES  (continued)  (U) 


Title  Page 

Automatic  threat  analysis  .  R-72 

Automatic  threat  management  . R-73 

Terrain  avoidance  (TA)/terraln  following  (TF)  . .  R-74 

Levels  of  TA/TF  capability  . . .  R-75 

Integrated  fire  and  flight  control  . . .  R-7f 

Integrated  flight  engine  control  . . . .  R-77 

Integrated  flight  path  control  . . .  R-78 

Concept  of  HMD  design  . . . . . , .  R-7  9 

Intelligence  Interface  between  the  pilot  and  his 

automated  f unctions  . R-80 

Technology  Influences  on  cockpit  designs  . .  R-81 


a 

A 


I 

a 


x 


UNCLASSIFIED 


UNCLASSIFIED 


abort 

AD 

AFCS 

AH 

AI 

ATA 

FACTS 

GPS 

HEL 

LCC 

LOA 

MiSP 

MFD 

MFPK. 

MMWR 

MP 

NOE 

NVG 

030GS 

P3I 

V  CASS 


GLOSSARY  (U) 

air-to-air 

The  loss  of  a  mission  essential  function  from  the  beginning 
of  prefllght  to  complete  system  shutdown,  If  essential  to 
completing  the  specific  mission  at  hand.  Is  considered  to 
constitute  a  mission  abort. 

air  defense 

automatic  flight  control  system 
attack  helicopter 
artificial  Intelligence 
alr-to-atr 

FLIR-augmented  Cobra  TOW  sight 

global  positioning  system 

Human  Engineering  Laboratory 

life  cycle  costs 

letter  of  agreement 

mission  equipment  package 

multifunction  display 

multifunction  programable  keyboard 

millimeter  wave  radar 

mission  profile 

nap  of  the  earth 

night  vision  goggle 

onboard  oxygen  generating  system 

preplanned  product  improvement 

virtual  cockpit  airborne  system  simulator 

xi 

UNCLASSIFIED 


UNCLASSIFIED 


VHSIC  very  high  speed  integrated  circuit 

wpns  weapons 


xli 


UNCLASSIFIED 


UNCLASSIFIED 


APPENDIX  R 

HUMAN  FACTORS /MAN-MACHINE  INTERFACE  (HF/MMI)  ANALYSIS  (U) 


R-l 

UNCLASSIFIED 


UNCLASSIFIED 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


R-2 


UNCLASSIFIED 


UNCLASSIFIED 


APPENDIX  R 

HUMAN  FACTORS/MAN-MACHiNE  INTERFACE  (HF/MMI)  ANALYSIS  (U) 


R-l .  (U)  PURPOSE.  The  intent  of  this  appendix  is  to  assess  the  human 

f actors/man-machine  interface  (HF/MMI)  associated  with  the  design  of  the 
Light  Helicopter  Family  (LHX)  of  aircraft,  to  identify  the  HF/MMI  concerns, 
and  to  provide  recommendations  related  to  crewstation  design. 

R-2.  (U)  BACKGROUND. 

a.  (U)  The  role  of  the  helicopter  in  military  operations  has  been 
greatly  expanded  in  recent  years.  Helicopters  now  contribute  enormously  to 
the  Army’s  ability  to  conduct  its  land  combat  operations.  The  helicopter's 
recently  adopted  primary  role  as  an  antiarmor  weapon  system  means  that  scout 
and  attack  helicopters  must  be  able  to  fly  and  complete  combat  missions  day 
and  night  in  all  kinds  of  weather. 

b.  (U)  The  scout  and  attack  (SCAT)  mission  is  a  good  example  of  what  is 
expected  for  the  Army's  projected  single-pilot  helicopters  of  the  future 
(figure  R-l):  the  pilot  will  have  to  reconnolter  and  contact  enemy  elements, 
hand-off  targets  to  other  scout/attack  elements,  help  select  firing  positions, 
and  engage  enemy  targets.  In  order  to  perform  these  roles,  he  will  have  to 
supervise  or  control: 

—  The  data  management  and  transfer  system. 

—  The  flight  control,  navigation,  guidance,  and  communication 

systems . 

—  The  target  acquisition  and  designation  systems. 

—  The  weapon  systems. 

—  The  threat  identification  systems. 

—  The  electronic  countermeasures  (ECM)  systems. 

The  aircrew  will  more  than  likely  have  to  do  all  these  things  under  the 
stressful  and  fatiguing  conditions  of  low-level  or  nap-of-the-earth  (NOE) 
flight  in  all  kinds  of  weather  while  avoiding  obstacles  and  probably  taking 
enemy  fire. 

c.  (U)  There  is  growing  concern  about  the  effectiveness  with  which  the 
pilot  can  perform  all  the  mission  tasks  expected  of  him.  As  the  missions  and 
the  aircraft  become  more  and  more  complicated,  there  is  a  commensurate 
Increase  in  demand  on  the  aircrew's  time  and  attention.  The  response  of 
aircraft  cockpit  designers  to  increased  workload  is  usually  one  of  providing 
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more  and  more  information  through  the  media  of  advanced  displays  and  devices 
in  an  effort  to  keep  the  pilot’s  workload  manageable.  Aircraft  designed  to 
operate  near  the  limits  of  their  performance  envelopes  and  the  ready  avail¬ 
ability  of  new  information  display  technology  make  this  a  necessary  and 
appropriate  response.  There  is  a  constant  danger,  however,  of  going  so  far  in 
providing  additional  information  that  the  pilot's  cognitive  and  information¬ 
processing  capabilities  may  be  exceeded.  Given  the  stress  of  combat,  either 
near  the  surface  or  at  altitude,  will  the  pilot  be  helped  by  these  flight  aids 
or  will  he  be  overwhelmed  with  more  information  than  he  can  handle? 

d.  (U)  Conventional  helicopters  already  present  the  pilot  with  an  array 
of  dials,  controls,  gages,  and  switches.  In  the  proposed  all-electronic 
crewstation  of  the  LUX,  those  conventional  controls  and  displays  are  expected 
to  be  replaced  with  rnultif unction  television-like  displays  that  will  have  the 
same  type  information  condensed  into  a  smaller  area.  The  three  flight 
controls  found  in  current  aircraft  may  be  combined  into  a  single  control 
operated  by  one  hand.  The  concentration  of  displayed  information  and  control 
functions  is  expected  to  place  an  increasingly  greater  burden  on  the  pilot's 
mental  capabilities.  Increased  equipment  complexity,  along  with  increased 
mission  complexity,  will  be  accompanied  by  proportionate  increases  in  the 
amount  of  information  that  will  have  to  be  furnished  to  the  pilot.  The  result 
of  increasing  the  information  available  to  the  pilot  may  only  shift  the 
aviator's  effort  from  manual  workload  to  a  workload  which  is  more  cognitive  in 
nature . 

a.  (U)  The  pilots  of  the  Army's  new  helicopters  will  need  all  the  help 
the  avionic  systems  designer  can  provide  them  if  they  are  to  execute  the 
missions  envisioned  for  Army  21  battlefields,  especially  if  single-pilot 
designs  are  produced.  The  problem  is  one  of  giving  the  pilot  the  information 
he  needs  at  a  rate,  at  which  he  can  assimilate  it  properly  and  use  it 
effectively. 

f.  (U)  Technological  advances  in  the  past  two  decades  have  made  possible 
the  development  of  more  highly  advanced  and  capable  aircraft  that  can  fly 
under  more  difficult  conditions,  at  faster  speeds,  and  with  much  greater 
agility.  At  the  same  time  and  perhaps  as  a  consequence  of  these  technological 
advances,  the  environment  in  which  aircraft  must  fly  and  fight  has  become  more 
dangerous.  The  only  element  that  has  not  changed  significantly  over  the  years 
is  the  human  operator.  The  pilot  Is  limited  in  his  ability  to  assimilate  and 
perform  tasks.  He  may  not  be  able  to  fully  handle  the  increased  workload 
Involved  in  operating  today's  faster,  more  highly  mechanized  aircraft. 
Limitations  in  human  capabilities  are  difficult  to  overcome  and,  as  yet,  have 
not  been  completely  described.  However,  the  proper  use  of  automation  in 
aircraft  could  help  to  overcome  some  limitations. 

g.  (U)  If  the  LHX  is  to  be  effective  on  the  intense  and  dynamic  battle¬ 
field  of  the  future,  the  human  element  must  be  considered  in  the  crewstation 
design  and  system  integration  early  in  the  concept  formulation  process.  The 
HF/MMI  substudy  of  the  Trade-Off  Analysis  (TOA)  is  directed  toward  the 
assessment  of  the  HF/MMI  issues  associated  with  the  LHX  from  the  user '9 
perspective. 
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R-3.  (U)  ASSUMPTIONS. 

a.  (U)  The  goal  of  the  substudy  was  the  identification  and  assessment  of 
HF/MMI  concerns.  The  HF/MMI  substudy,  in  the  limited  time  available,  would 
not  be  able  to  determine  and/or  recommend  solutions  to  all  the  issues. 
Therefore ,  the  HF/MMI  substudy  would  concentrate  on  cockpit  configuration  and 
crew  size. 

b.  (U)  The  LHX-Utility  would  be  designed  with  a  two-man  cockpit  (one-man 
operable)  for  passenger  safety. 

c.  (U)  This  analysis  would  be  limited  to  the  LHX-SCAT  aircraft. 

R-4.  (U)  LIMITATIONS. 

a.  (U)  The  primary  limitation  was  that  of  time  and  facilities  available 
to  conduct  human  factors  research  assessments  and  analysis. 

b.  (U)  The  proposed  mission  equipment  for  the  LHX  is  unavailable  for 
testing;  thus,  the  data  used  is  restricted  to  projections  of  the  capabilities 
and  limitations  of  the  proposed  mission  equipment  package  (MEP) . 

R-5.  (U)  METHODOLOGY.  The  United  States  Army  Aviation  Center's  LHX  HF/MMI 

analysis  used  tne  Trade-Off  Determination  (TOD)  as  a  baseline.  The  TOD 
reports  were  supplemented  by  additional  analyses.  Also,  additional  data  was 
obtained  through  an  information  search,  specific  inputs  of  subject  matter 
experts,  an  expanded  mission  task  analysis,  pilot  interviews,  the  application 
of  a  subjective  work  load  assessment,  and  limited  engineering  simulations. 

a.  (U)  The  information  search  was  used  to  obtain  data  on  current  and 
future  technologies,  cockpit  designs,  and  cockpit  integration  programs.  Data 
was  reviewed  for  both  the  helicopter  and  fixed  wing  aircraft.  The  study  team 
solicited  the  assistance  from  numerous  laboratories  throughout  the  defense 
establishment  to  contribute  their  technical  expertise  in  the  conduct  of  the 
analysis.  The  technical  literature  was  reviewed  for  relevant  LHX  studies, 
assessments,  and  data.  That  information,  coupled  with  ongoing  aviation 
research  programs,  was  evaluated  in  light  of  LHX  missions  and  constraints. 

Air  Force  and  Navy  programs  were  also  reviewed.  Programs  reviewed  included 
the  Advanced  Flight  Technology  Integration  (AFTI)/F-16  program,  the  Cockpit 
Automation  Technology  (CAT)  program,  the  F-15  dual  role  fighter  (DRF),  and  the 
F/A-18  program. 

b.  (U)  The  Air  Force  Aeromedical  Research  Laboratory  (AFAMRL)  developed 
subjective  workload  assessment  technique  (SWAT)  was  applied  in  the  evaluation 
of  five  conceptual  crewstations  for  the  LHX-SCAT.  Each  concept,  based  on  a 
distinct  level  of  a  wide  field  of  view  (WFOV)  display  technology,  was  assessed 
by  a  team  of  Army  aviators  with  varied  aircraft  expertise  and  backgrounds  in 
the  scout  and  attack  missions.  The  MEP  analyzed  was  that  projected  for  the 
LHX-SCAT.  A  composite  mission  scenar  o  was  synthesized  and  six  mission 
segments  were  used  to  collect  workload  estimates. 
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c.  (U)  The  mission  task/workload  analysis,  started  during  the  TOD,  was 
expanded  during  the  TOA  to  cover  the  MEP  alternatives  for  both  the  one-  and 
two-man  cockpits.  Additional  analyses  were  conducted  to  determine  tne 
expected  workload  levels  provided  by  the  HEP  as  described  in  the  earlier  draft 
LEX  Required  Operational  Capability  (ROC)  documents. 

d.  (U)  Operational  pilots  were  utilized  in  limited  engineering  simula¬ 
tion  which  investigated  the  man-machine  interface  concerns  for  the  single¬ 
pilot  attack  helicopter  mission.  The  exploratory  simulation  program,  using 
the  virtual  cockpit  airborne  system  simulator  (VCASS)  at  Wright  Patterson  Air 
Force  Base  (AFB),  constituted  the  first  engineering-type  simulation  to  assess 
proposed  LEX  mission  equipment  anu  HF/MMI  concerns.  During  that  limited  simu¬ 
lation  effort,  LEX-type  mission  segments  were  flown  in  a  crewstation  that  con¬ 
tained  controls  and  displays  similar  to  those  expected  in  the  LEX.  The  major 
area  of  concern  during  the  simulation  was  target  acquisition  and  engagement  by 
means  of  a  helmet-mounted  display  (HMD)  system. 

e.  (U)  Structured  interviews  were  conducted  with  operational  pilots  from 
the  Army,  Navy,  Air  Force,  and  Marine  Corps.  The  study  team  interviewed  Army 
pilots  from  a  number  of  units  and  locations.  Navy  pilots  were  interviewed  at 
Lemore  Naval  Air  Station  (NAS),  California.  Air  Force  pilots  included 
Instructor  pilots  from  Williams  AFB,  operational  pilots  from  the  F-15  Wing  at 
Eglin  AFB,  and  operational  A-10  pilots  on  temporary  duty  to  Fort  Rucker, 
Alabama.  In  addition,  Army  and  Marine  Corps  pilots  from  the  air-to-air 
training  detachment  at  Yuma,  Arizona,  were  interviewed. 

f.  (U)  The  information  and  data  obtained  from  the  above  sources  were 
used  to  provide  an  analysis  of  the  crewstation  configuration  proposed  for  the 
LEX,  the  technologies  and  mission  equipment  expected  in  the  LHX,  crew 
workload,  and  a  crew  complement  assessment.  The  results  of  that  analysis  are 
summarized  in  the  following  paragraphs  of  this  section.  More  detailed 
coverage  of  specific  critical  areas,  provided  by  subject  matter  experts  in 
each  of  those  areas,  can  be  found  in  annexes  I  through  XIII  of  appendix  R. 

R-6.  (U)  RESULTS  OF  ANALYSIS. 

a.  (U)  General .  The  LHX  program  is  dynamic  in  nature  and  new  informa¬ 
tion  is  available  on  an  almost  continuous  basis.  The  HF/MMI  assessment  for 
the  LHX  must,  therefore,  be  considered  an  iterative  process  that  should  be 
updated  as  the  emerging  results  of  the  Advanced  Rotorcraft  Technology 
Integration  (ARTI)  program,  LHX  simulation  efforts,  and  other  Department  of 
Defense  aviation  research  and  development  (R&D)  programs  progress.  This 
•.nalysis  is  based  on  the  information  available  during  the  TOA  time  frame. 
Detailed  results  of  the  methodology  applied  to  the  HF/MMI  analysis  can  be 
found  in  the  annexes  of  this  report.  The  following  discussion  integrates  the 
conclusions  and  recommendations  of  those  individual  reports  to  provide  an 
overview  of  the  major  man-machine  interface  concerns  and  issues  resulting  from 
the  HF/MMI  analysis. 
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b.  (U)  Mission  Taak  Analysis. 

(1)  (U)  The  mission  task  analysis  began  with  a  review  of  24  LHX-5CAT 
mission  profiles  to  determine  the  critical  mission  segments  that  have  the 
greatest  impact  on  aviator  workload.  Each  of  the  mission  profiles  were  sub¬ 
divided  into  mission  segments.  Twenty-nine  segments  were  then  selected  for 
further  analysis.  These  segments  were  considered  representative  of  the  LUX 
mission  activities.  Each  of  the  mission  segments  was  then  broken  down  into 
critical  flight  control  and  mission  support  functions  and  was  positioned  on  a 
mission  time  line.  Functional  analyses  were  performed  by  identifying  the  cri¬ 
tical  performance  elements  with  their  man-machine  interface.  Sensory,  cogni¬ 
tive,  and  psychomotor  workload  and  durations  were  estimated  for  each 
performance  element. 

(2)  (U)  Computerized  one-  and  two-crewmember  models  wet*  developed. 
These  mission  and  function  analysis  results,  including  the  workload  and  dura¬ 
tion  estimates,  were  uped  ?.s  the  data  base.  Decision  rules  were  written  for 
building  functions  frrm  the  performance  elements  and  mission  segments  from  the 
functions.  The  computer  models  were  used  to  predict  total  workload  in  four 
components:  visual,  auditory,  cognitive,  and  psychomotor  during  concurrent 
performance  elements.  Performance  elements  and  subsystems  associated  with 
excessive  workload  were  identified.  The  results  were  used  to  compare  the  one- 
and  two-crewraember  configurations. 

(3)  (U)  Two  computer-aided  analyses  were  completed.  The  first 
analysis  was  completed  for  the  LHX  without  automation.  Data  indicated  that, 
for  the  one-man  aircraft,  the  pilot  experienced  overloads  in  all  29  segments 
analyzed.  For  the  two-man  crew  aircraft,  overloads  remained  in  15  segments. 

A  second  analysis  was  then  completed  for  the  aircraft  with  full  automation. 
Although  no  overloads  were  identified  for  the  two-man  crew,  overloads  remained 
in  two  critical  segments  (air-to-ground  target  engagement  and  reconnaissance) 
for  the  one-man  aircraft. 

(4)  (U)  After  establishment  of  the  LHX  draft  ROC,  the  one-  and  two- 
crewmember  workload  models  were  once  again  exercised  in  order  to  estimate  the 
workload  reduction  that  would  occur  with  the  automation  opportunities  provided 
by  the  draft  ROC.  A  review  of  that  document  revealed  that  several  automation 
options  assumed  during  the  original  full-up  MEP  workload  analysis  would  not  be 
available.  A  preliminary  review  of  the  mission  task  analysis,  using  the  draft 
ROC-propused  mission  equipment  and  automation  options,  indicates  that  crew 
overloads  will  still  remain  in  several  critical  mission  segments  and  may,  in 
fact,  increase.  The  draft  ROC  has  3ince  been  changed  to  a  letter  of  agreement 
(LOA).  The  LOA  is  currently  under  revision.  The  results  of  the  mission  task 
analysis  need  to  be  reassessed  when  the  LOA  becomes  firm. 

(5)  (U)  In  summary,  the  results  of  the  mission  task  analysis  indi¬ 
cate  that,  with  full  automation,  the  single  crewmember  will  experience 
overloads  during  critical  segments  of  combat  missions.  A  second  crewmember  in 
the  cockpit  would  eliminate  those  overload  conditions.  In  an  LHX  with  less 
than  full  automation,  the  crew  overloads  can  be  expected  to  increase.  The 
proposed  automation  in  the  early  draft  ROC  for  the  LHX  did  not  include  full 
automation. 
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(1)  (U)  Technique. 


(a)  (U)  SWAT  has  been  used  successfully  by  the  US  Air  Force  in  the 
evaluation  of  mission  equipment  and  aircrew  station  design.  It  allows  the 
experience  and  knowledge  cf  subject  matter  experts .  in  this  case  operational 
pilots,  to  be  used  in  a  systematic  manner  to  assist  in  determining  the  optimal 
crew  station  design.  For  the  LHX,  it  was  applied  as  a  means  of  evaluating 
five  conceptual  crewstation  designs  and  their  associated  MEP.  A  composite 
mission  scenario  was  developed  for  use  during  the  assessment.  Six  mission 
segments  (cruise,  pre-forward  line  of  own  troops  (FLOT),  FLOT  penetration, 
approach  to  battle  position,  air-to-ground  target  acquisition  and  engagement, 
and  air-to-air  target  acquislton  end  engagement)  were  selected  as  points  at 
which  to  collect  workload  estimates. 

(b)  (U)  The  crewstation  configuration  assessed  consisted  of  a  fully 
integrated  MEP  including  multifunction  displays,  target  acquisition  and  enga¬ 
gement  systems,  search  and  acquisition  radar,  and  voice  Interaction  systems. 
Each  of  the  five  crew  station  configurations  was  different  in  that  each  design 
was  based  on  a  distinct  level  of  field  of  view  (FOV)  display  technology 
(figures  R-2  through  R-6): 

1_.  (U)  Heads-up  display  (HUD)  (20°  x  30°  FOV).  Referred  to  as  the 

“LHX  Baseline  Configuration"  and  shown  in  figure  R-2. 

2_'  (U)  Monocular  helmet-mounted  display  (HMD)  (30°  x  40°  FOV). 

Referred  to  as  "LHX  Option  1  Configuration"  and  shown  in  figure  R-3. 

3.  (U)  Binocular  HMD  medium  FOV"  display  (60°  x  90°  FOV).  Referred 

to  as  "LHX  Option  2  Configuration"  and  shown  in  figure  R-4. 

4^.  (U)  Binocular  HMD  wide  FOV  display  (60°  x  120°  FOV).  Referred  to 

as  "LHX  Option  3  Configuration"  and  shown  in  figure  R-5. 

5^.  (U)  Cabin-mounted  projection  display  system  (120°  x  220°  FOV). 

Referred  to  an  "LKX  Option  4  Configuration”  and  shewn  in  figure  R-6. 

(c)  (U)  The  workload  associated  with  the  baseline  display  and  each 
of  the  four  options  was  assessed  by  11  Army  operational  pilots  who  were 
experienced  in  utility,  scout,  and  attack  helicopter  missions,  Including  the 
latest  advanced  attack  helicopter  (AH-64). 

(2)  (U)  Conclusions.  The  major  conclusions  drawn  from  the  applica¬ 

tion  of  the  SWAT  approach  to  the  LHX  were: 

(a)  (U)  A  wide  ranea  in  workload  may  be  expected  to  be  encountered 

during  the  conduct  of  the  LHX-SCAT  missions  (figures  R-7  through  R-12).  The 
exact  level  of  workload  that  will  be  experienced  may  be  significantly  modified 
by  the  crew  system  interface  concept  employed  by  the  weapon  system.  The  mini¬ 
mum  expected  workload  level  was  found  for  the  cruise  mission  segment, 


R-5 


UNCLASSIFIED 


20°  a  30 c  HEAD  UP  DISPLAY  (HUD) 
WITH  SNAP  LOOK 


UNCLASSIFIED 


30*  X  40* 

HELMET  MOUNTED  DISPLAY  (HMD) 
WITH  MONOCULAR  FIELD  GF-VIEW 


R-l  1 


UNCLASSIFIED 


60*  x  90°  HELMET  MOUNTED  DISPLAY 

(SLEWABLE  TO  120*  x  220*)  BINOCULAR  FIELD-OF-VIEW  WITH  30*  OVERLAP 


UNCLASSIFIED 


5 

u* 

o 

o 

o> 

X 

o 

O 

vO 


c 

o 


CO 

3 

*H 

4* 

C 

O 

O 


c 

o 


cx 

o 


-0* 

I 

a 

ao 


Si 


R-12 


UNCLASSIFIED 


60°  x  120°  HELMET  MOUNTED  DISPLAY  (AMD) 
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Figure  R-6.  (U)  LHX  option  4  configuration  (120°  x  220°  pOV). 
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Figure  R-7 .  (U)  LHX  workload — cruise. 
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Figure  R-ll.  (U)  LHX  workload— A/G 
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employing  option  4  (cockpit-mounted,  WFOV,  projection  display),  and  the  maxi- 
misn  expected  workload  level  was  encountered  for  the  air-to-ground  attack 
mission  segment  using  the  baseline  heads-up  display  (HUD). 

(b)  (U)  A  signflcant  reduction  in  workload  can  be  expected  with  a 
wide  FOV  display  versus  present  cockpit  designs  and  narrow  FOV  monocular 
displays.  Wide  FOV  display  technology  is  expected  to  make  a  considerable 
contribution  to  achieving  and  maintaining  good  situational  awareness,  sup¬ 
porting  mission  effectiveness,  and  providing  required  functional  support 
(pilotage,  navigation,  communication,  target  acquisition,  weapon  delivery)  and 
LHX  survivability. 

(c)  (U)  Wide  FOV  HMDs  should  be  considered  critical  for  both  one-  or 
cwo-crew  LHX.  The  crew  size  of  the  LHX  will  determine  the  FOV  required. 
Although  further  research  is  needed,  at  least  a  409  x  120°  FOV  display  is  con¬ 
sidered  essential  for  effective  survivability  of  the  single-pilot  LHX. 

(d)  (U)  The  LHX  display  effort  should  be  directed  at  providing  the 
LHX  pilot  with  the  largest  FOV  possible  within  the  constraints  of  cost,  risk, 
weight,  and  sensor  and  display  resolution. 

d.  (U)  Engineering  Simulation. 

(1)  (U)  Visually  Coupled  Airborne  System  Simulator  (VCASS) 

description. 

(a)  (U)  Engineering  simulation  wa3  conducted  in  the  VCASS  facility 
developed  by  the  Visual  Display  Systems  Branch  of  the  Human  Engineering 

Di  ,'sion  within  the  AFAMRL  at  Wright  Patterson  AFB,  Ohio.  The  VCASS  provides 
a  capability  tc.  present  computer-generated  imagery  on  an  HMD  to  each  eye  inde¬ 
pendently.  Each  ocular  of  the  HMD  optics  can  provide  a  FOV  of  up  to  60° 
vertical  by  80°  horizontal,  with  up  to  a  40°  overlap  between  the  fields. 

Thus,  the  size  of  the  FOV  may  be  manipulated  for  experimental  evaluation.  The 
instantaneous  orientation  of  the  oculars  (as  controlled  by  head  movement)  is 
measured  by  a  magnetic  helmet  tracker,  allowing  information  displayed  on  the 
oculars  to  be  translated  relative  to  head  movement  so  that  the  displayed 
images  appear  to  be  stable  in  space.  In  this  way,  a  panorama  of  information 
is  available  to  the  operator  as  a  function  of  head  position. 

(b)  (U)  The  victual  cockpit,  as  it  was  employed  in  the  present  simu¬ 
lation,  is  depicted  in  figure  R-13.  Missile  selection,  electronic 
countermeasures/ aircraft  survivability  equipment  (ECM/ASE)  activation,  and 
target  designation  could  all  be  executed  by  positioning  the  "cross  hairs” 
reticle  over  the  intended  object.  Reticle  position  is  measured  by  the  VCASS 
helmet-mounted  sight  (HMS)  system  and  is  boresighted  by  the  pilot  prior  to 
flight.  The  virtual  cockpit  also  includes  a  heading  tape  and  flight  director 
information  (altitude,  airspeed,  missiles,  and  ECM/ASE  status)  as  shown.  The 
diamond  (on  the  horizontal  bar  next  to  the  reticle  in  this  picture)  provides  a 
steering  command,  while  the  adjacent  numeric  readout  provides  the  flight 
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I'igure  R-13.  (U)  The  virtual  cockpit. 
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vector  to  the  target.  Airborne  and  ground  threats  are  viewable  in  the  out- 
the-window  scene,  provided  they  are  close  enough  and  the  pilot  has  them  within 
his  FOV .  Similarly,  tracer  rounds  from  either  the  LHX  or  a  simulated  Soviet 
HIND  helicopter,  as  well  as  missile  launches  and  hit  bursts,  are  displayed. 
Figure  R-14  shows  the  total  display  concept,  which  includes  both  the  virtual 
cockpit  and  the  rudimentary  terrain  depiction.  Solid,  dashed,  and  blanked 
lines  represent  ground,  marsh,  and  water  features,  respectively. 

(2)  (U)  Simulation  requirement.  The  simulation  was  developed  to 

satisfy  a  number  of  requirements.  Below  is  a  listing  of  these  requirements, 
together  with  an  indication  of  how  they  were  satisfied. 

(a)  (U)  The  simulation  gaming  area  was  to  correspond  to  a  point  in 
the  composite  mission  scenario  (Fulda  region  of  Germany)  used  previously 
during  the  SWAT  study.  The  engagement  area  was  selected  to  be  10  kilometers 
(km)  from  the  FLOT. 

(b)  (U)  The  pilot’s  task  had  to  be  realistic  within  the  mission  sce¬ 
nario.  (The  pilots  were  tasked  to  follow  the  flight  director  information, 
which  would  vector  them  to  the  primary  targets.) 

(c)  (U)  Other  ground  and  airborne  threats  were  to  be  encountered  on 
the  way  to  the  primary  targets.  (A  simulated  HIND  helicopter,  an  antiaircraft 
artillery  (AAA)  site,  and  three  surface-to-air  missile  (SAM)  sites  were 
located  at  random  within  a  10-icm  to  20-km  radius  from  the  fixed  start  posi¬ 
tion.  Alti  ough  the  tanks  were  passive,  the  other  threats  were  capable  of 
lethal  weapon  deliveries  if  the  LHX  was  within  their  range  and  not  masked  by 
terrain.  The  HIND,  once  shot  down,  was  always  replaced  by  another  HIND 
somewhere  within  the  threat  area  after  approximately  5  seconds). 

(d)  (U)  The  state  of  the  target  acquisition  systems  associated  with 
each  of  the  threats  had  to  be  communicated  to  the  pilot.  (Recorded  voice 
announcements  were  provided  to  th*  pilot  whenever  the  LHX  was  radiated  by  a 
threat's  emitter  and  not  masked  by  terrain.  Announcements  provided  target 
type  (i.e.,  infrared  (IR)  or  radar  target),  clock  position  and  range  infor¬ 
mation.  Threat  emitter  mode  changes  (i.e.,  search,  acquisition,  tracking,  or 
launch)  were  signalled  to  the  pilot  via  a  set  of  threat  warning  tones.) 

(e)  (U)  A  secondary  task  was  provided  to  ensure  the  pilots  were 
task-loaded  at  all  times.  During  that  task,  the  pilcts  were  requested  to 
indicate,  via  a  button  on  the  collective,  whether  an  alphabetic  character  pre¬ 
sented  over  the  headset  was  or  was  not  one  of  a  previously  memorized  set  of 
items . 

(f)  (U)  Sufficient  LHX  armament  wa3  to  be  provided  tc  enable  the 
pilot  to  knock  out  the  primary  target  (tank)  as  well  as  to  deal  effectively 
with  the  HIND  and  the  AAA  and  SAM  sites.  Three  guided  missiles,  three 
“fire-and-forget"  missiles,  and  a  30-millimeter  (mm)  cannon  with  300  rounds  of 
ammunition  were  provided. 
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(g)  (ij)  ECM/aSE  capabilities  were  to  be  provided  under  pilot 
control.  (Pilots  could  select  IR  or  radar  countermeasures  individually  or 
place  both  in  an  automatic  mode  for  intervals  of  30  seconds  each,  at  which 
time  they  were  not  vulnerable  to  IR  or  radar  detection  by  threats.) 

(h)  (U)  Measures  of  workload  resulting  from  various  FOV  displays 
were  to  be  generated  by  four  subject  pilots.  (Subjective  evaluation  of 
workload  was  provided  through  a  broad  range  of  both  structured  and  unstruc¬ 
tured  questionnaire  responses).  In  addition,  SWAT  ratings  were  obtained  on 


the  major  mission 

task  elements. 

(3) 

(U) 

Simulation  results. 

(a) 

(U) 

Field  of  view. 

1. 

(U) 

Figure  R-15  shows  the  average  of  pilot  ratings  (on  a  seven- 

point  scale)  of  the  effects  of  FOV  size  on  overall  mission  success,  as  well  as 
on  the  discrete  functions  of  piloting,  navigation,  target  acquisition,  weapon 
delivery,  and  survivability.  Anchor  points  were  provided  at  both  ends  of  the 
scale.  A  rating  of  one  indicated  the  probability  of  success  was  extremely 
small,  while  a  rating  of  seven  indicated  maximum  effectiveness. 
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Figure  R-15.  (U)  Mean  of  pilot  ratings  of  FOV  effects 

on  mission  and  mission  functions. 

2^.  (U)  In  general,  the  pilot  responses  favor  a  binocular  wide  FOV  in 

the  90°  to  120°  range.  Both  those  were  rated  much  higher  than  the  40°  mono¬ 
cular  or  binocular  FOVs.  The  difference  in  ratings  between  the  90°  and 
120°  FOVs  was,  however,  relatively  small. 
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(U)  The  pilots  were  then  tasked  to  narratively  describe  the 
effect  FOV  was  likely  to  have  on  a  single-pilot's  performance  for  air-to-air, 
antiarmor,  and  reconnaissance  missions.  Their  statements  indicated  that,  for 
the  air-to-air  mission,  a  greater  FOV  should  increase  the  accuracy  of  and 
decrease  the  time  required  for  target  acquisition.  It  was  felt  that  a  narrow 
FOV  would  limit  maneuverability  and  decrease  acquisition  capability.  A  con¬ 
cern  was  expressed  that  the  high  workload  resulting  with  a  narrow  FOV  would 
adversely  affect  survivability.  All  pilots  wanted  as  wide  a  FOV  as  possible 
for  overall  mission  effectiveness. 

4^  (U)  The  results  of  the  engineering  simulation  effort  point  out 

the  need  for  a  binocular,  wide  FOV  display  for  the  LHX.  A  minimum  horizontal 
FOV  of  90°  was  indicated  and  a  120°  horizontal  FOV  was  preferred.  There  also 
was  an  Indication  that  the  payback  in  improved  mission  effectiveness  between 
the  90°  and  120°  FOVs  was  less  than  the  improvement  obtained  between  the 
40°  and  90°  FOVs. 

(b)  (U)  Operational  concerns. 

1_.  (H)  Voice  control.  During  the  engineering  simulation,  a  state- 
of-the-art  voice  interactive  system  was  used  for  weapon  designation  and 
control.  During  several  engagement  tasks,  the  weapon  did  not  fire  when  ver¬ 
bally  commanded  by  the  pilots.  Although  this  was  simulation,  it  contributed 
to  an  immediate  increase  in  pilot  stress.  This  does  not  mean  that  voice 
systems  are  not  viable  for  the  LHX;  it  simply  means  that,  for  voice  control  of 
critical  systems,  it  must  work  the  first  time  and  every  time  because,  when  it 
fails,  the  pilot  must  use  a  backup  control  medlun  and  thus  becomes  reactionary 
in  trying  to  complete  the  follow-on  tasks.  In  addition,  based  on  both  prior 
studies  and  this  simulation,  it  appears  that,  depending  on  types  of  feedback 
required,  voice  command  of  some  functions  may  take  longer  than  conventional 
switching . 

2^.  (U)  Conventional  hands-on  switching.  Conventional  switching, 

i.e,  selecting  a  radio  transmitter  by  turning  a  dial  on  the  radio  control 
unit,  requires  the  pilot  to  divide  his  attention  between  inside  and  outside 
the  cockpit.  This  is  unacceptable  while  flying  as  a  single  pilot  at  low-level 
or  NOE  altitudes.  Hands-on  switching  would  allow  the  pilot  to  make  that  same 
selection  by  possibly  depressing  a  button  on  the  cyclic  or  collective.  With 
the  optimization  of  switchology,  this  will  probably  be  the  most  viable 
approach  to  reducing  the  amount  of  time  the  pilot  spends  with  his  head  inside 
the  cockpit  looking  for  dials  and  switches. 

3_.  (U)  Degraded  mode  operations.  Many  potential  problems  exist  with 

respect  to  degraded  mode  operations.  With  a  single  pilot,  the  mission  abort 
point  (in  terms  of  equipment  status)  will  typically  occur  earlier  In  the 
mission  than  with  two  crewmembers.  While  this  can  be  partially  compensated 
for  by  software  reconfiguration,  it  cannot  be  completely  resolved  in  this 
manner.  The  precise  implications  of,  and  compensatory  mechanism  for,  degraded 
mode  operations  with  a  single  pilot  will  require  extensive  analysis  and  simu¬ 
lation  (including  testing  to  failure)  to  determine  the  level  of  degradation 
allowed  for  the  single  pilot. 
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4.  (U)  Off-axis  weapon  control. 

a.  (U)  This  issue  revolves  around  the  problem  of  controlling  and 
firing  a  weapon  system  off-axis,  while  concurrently  flying  the  aircraft  and 
maintaining  obstacle  clearance.  The  problem  is  particularly  significant 
during  NOE  or  low-level,  high-speed  flight,  night,  or  adverse  weather  opera¬ 
tions.  The  automation  issue  is  whether  the  flight  control  system  and/or  the 
weapon  system  can  approach  the  human  capability  of  the  second  crewmember.  In 
order  to  replace  the  second  crewmember  during  off-axis  weapon  control,  an 
accurate  terrain-f ol.lowing/terrain-avoidance  flight  control  system  is 
required.  Such  a  system  has  not  been  demonstrated,  and  cost  and  weight  con¬ 
siderations  might  make  such  a  capability  (if  it  existed)  prohibitive  for  the 
LHX.  Allowing  the  weapon  system  to  automatically  engage  threats  (off-axis  or 
otherwise)  requires  a  level  of  sensitivity  in  detection  and  recognition  capa¬ 
bilities  that  must  be  demonstrated  to  achieve  single-pilot  operation  if  the 
required  flight  control  system  cannot  be  implemented. 

b.  (U)  A  further  point  is  the  capability  of  the  single  pilot  to  pro¬ 
vide  suppressive  gun  fire  while  simultaneously  guiding  a  missile  to  the 
target.  During  numerous  tank  engagements  while  the  single  pilot  was  busy 
guiding  the  missile  to  its  target,  he  was  effectively  engaged  and  destroyed  by 
other  threats.  One  solution  to  this  problem  could  be  a  second  aircraft  dedi¬ 
cated  to  protecting  the  LHX  actively  engaging  the  primary  target.  Fire-and- 
forget  missiles  would  also  reduce  the  problem  to  a  manageable  level. 

c_.  (U)  In  addition,  a  f ire-and-forget  weapon  system  would  make  the 

single-pilot  aircraft  mission-effective  and  would  alleviate  the  requirement  to 
bring  the  aircraft  to  a  hover  prior  to  and  during  target  engagement.  Without 
f ire-and-forget  weapons,  the  single-crewman  LHX  will  be  less  mission-effective 
and  may  not  survive.  Adopting  a  f ire-and-forget  weapon  system  now  would 
significantly  reduce  the  risk  for  an  effective  single-pilot  aircraft. 

_3.  (U)  Maneuvering  against  and  engaging  threats.  The  issue  is 

avoiding  and  countering  the  threat  with  state-of-the-art  threat  detection  and 
recognition  systems.  The  system  must  be  sufficiently  automated  to  recognize 
and  neutralize  a  threat  while  simultaneously  providing  cues  for  maneuvering 
the  aircraft  to  gain  a  tactical  advantage  or  to  avoid  the  threat  kill 
envelope . 

6^.  (U)  Situation  awareness.  The  LHX  pilot  will  live  to  continue 

the  fight  only  if  he  can  maintain  a  high  level  of  situation  awareness  of  the 
battlefield  and  the  battle  evolving  around  him.  The  key  to  the  pilot's 
situation  awareness  is  the  displays  and  the  information  media  available  to 
him.  These  must  be  integrated  with  his  strengths  and  weaknesses  in  mind. 
Without  a  second  pilot  to  aid  him  when  he  begins  to  run  out  of  airspeed,  alti¬ 
tude,  and  ideas  at  the  same  time,  he  must  depend  on  the  aircraft  systems  to 
maintain  a  survivable  situation  until  he  can  regain  his  composure  and  once 
again  function  effectively.  If  such  a  system  cannot  be  provided,  then  a 
second  crewman  must  be  provided  because  the  nonfunctioning  pilot,  flying  alone 
on  the  future  battlefield,  will  die  and  the  Army  will  have  lost  one  and 
possibly  two  expensive  assets. 
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T_.  (U)  Stress.  The  level  of  stress  while  flying  an  aircraft  at  high 

speed  and  at  a  very  low  altitude  must  be  a  high  priority  consideration  when 
dealing  with  the  single-pilot  LHX  question.  Although  artificial  stress  was 
not  introduced  into  the  simulation,  pilots  flying  the  simulator  consistently 
identified  a  high  level  of  fatigue  and  stress  associated  with  air-to-ground 
and  air-to-air  engagements.  The  point  to  be  made  is  that,  during  the  benign 
environment  of  the  engineering  simulation,  the  single  pilot  was  under  con¬ 
siderable  stress.  The  stress  in  combat  situations  can  be  expected  to  be  much 
greater. 


(c)  (U)  Conclusion.  The  insights  gained  from  the  simulation  lend 

themselves  to  a  definition  of  problem  areas  which  can  be  expected  in  the 
development  of  the  single-pilot  LHX.  Whether  these  problems  can  be  overcome 
by  technology  and  training  may  be  answered  by  full  mission  simulations  con¬ 
ducted  by  the  ART1  contractors  and  the  National  Aeronautics  and  Space  Agency 
(NASA).  These  simulations,  if  planned  and  conducted  in  a  manner  that  will 
evaluate  the  overall  effectiveness  of  the  single-pilot  aircraft  based  on  (1)  a 
realistic  MEP,  (2)  a  realistic  operational  environment,  and  (3)  testing  the 
pilot  and  system  to  failure,  will  answer  many  of  the  questions  raised  by  engi¬ 
neering  simulation  to  date. 

e.  (U)  LHX  Crew  Size  Trade  Study. 

(1)  (U)  History. 

(a)  (U)  The  number  of  crewmembers  necessary  to  perform  the  tactical 
aircraft  role  in  military  conflicts  has  been  an  issue  for  debate  since  the 
birth  of  military  aviation.  At  the  beginning  of  World  War  I,  combat  aircraft 
were  used  primarily  as  scout  or  reconnaissance  aircraft.  Most  of  these 
aircraft  carried  a  two-man  crew  (a  pilot  to  fly  the  aircraft  and  an  observer 
to  perform  reconnaissance  duties).  With  the  advent  of  the  forward-firing 
machine  gun,  aircraft  were  very  vulnerable  to  attack  from  their  6  o'clock 
position.  The  first  solution  tc  this  handicap  was  to  equip  the  observer  with 
a  machine  gun  that  could  be  aimed  backward,  upward,  and  sideways.  This  con¬ 
cept  was  effective  but  had  its  limitations.  The  weight  of  the  observer,  his 
machine  gun,  and  his  cockpit  accommodation  lowered  the  fighter's  speed,  climb 
rate,  maneuverability,  and  service  ceiling.  These  performance  limitations 
forced  the  fighter  down  into  the  lethal  envelope  of  AAA  fire  and  gave  single¬ 
seat  fighters  a  considerable  advantage  in  dog  fights.  Therefore,  at  the  close 
of  World  War  I,  the  single-seat  concept  prevailed. 

(b)  (U)  Prior  to  and  during  World  War  II,  almost  all  of  the  fighter 
aircraft  produced  were  single  seat.  This  was  primarily  due  to  limited 
missions  and  the  fact  that  pilot  workload  had  not  increased  enough  to  warrant 
the  need  of  a  second  crewmember.  Performance  factors  also  contributed  to  the 
single-seat  configuration.  Since  airborne  radar  for  fighters  did  not  exist, 
the  air-to-sur f ace  missions  flown  were  limited  to  day  visual  flight  rule  (VFR) 
weather  conditions.  These  types  of  missions  required  only  one  crewmember. 

(c)  (U)  Following  World  War  II,  a  rethinking  of  crew  complement  was 
required  due  to  the  advent  of  jet  propulsion  and  airborne  radar  systems.  The 
Jet  engine  increased  the  speed  of  fighters  and,  therefore,  required  quicker 
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reactions  and  quicker  thinking  by  the  crewnember,  thus  increasing  his 
workload.  The  radar  allowed  for  all-weather  interception  of  enemy  aircraft 
and  all-weather  navigation  and  weapon  delivery.  The  workload  imposed  by  these 
two  factors  forced  soma  of  the  early  jet  interceptors  into  two-seat  con¬ 
figurations  (F-89,  F-94,  and  F-4).  Early  jet  attack  aircraft  (F-84,  F-86, 
F-100,  F-101A,  and  F-105)  were  designed  single  seat  since  their  primary 
mission  was  limited  to  day  visual  bombing  due  to  technology  limitations  pre¬ 
venting  all-weather  operations.  As  avionics  matured,  the  capability  for  per¬ 
forming  accurate  and  safe  adverse  weather  bombing  missions  became  a  reality 
with  the  A-6  and  F-lll  aircraft.  These  were  designed  with  a  two-man  crew 
because  the  workload  required  to  effectively  operate  the  avionics  exceeded  one 
man's  capabilities. 

(d)  (U)  Today's  fighters  and  ground  attack  aircraft  (F-15,  F-16,  and 
F-1S)  have  returned  to  a  single-seat  concept.  This  may  be  attributed  directly 
to  the  major  advances  in  computer  technology.  Automation  in  new  avionics 
systems  assists  the  pilot  tremendously  in  the  areas  of  navigation,  radar 
interception,  target  acquisition,  and  weapons  delivery.  These  aids  enable  a 
single  crewmember  to  satisfactorily  perform  the  missions  these  aircraft  were 
designed  to  accomplish.  These  are,  primarily,  the  air-to-air  role  with  air- 
to-surface  capability  for  day  VFR  conditions  and  limited  night  operations. 

(e)  (U)  In  their  present  form,  however,  none  of  these  aircraft  can 
perform  the  night,  low-level,  adverse  weather  attack  missions  as  defined  by 
the  Air  Force  or  Navy  today.  They  are  limited  by  their  lack  of  a  terrain¬ 
following  navigation  system  and  target  acquisition  and  recognition  sensors. 
Derivatives  of  the  F-15,  the  F-16,  and  the  F-18  are  presently  being  developed 
to  accomplish  these  missions.  It  has  been  decided  that  these  aircraft  will 
host  a  two-man  crew  to  enhance  mission  effectiveness  and  survivability. 

Factors  affecting  this  decision  include  technology,  workload  requirements, 
training  requirements,  and  mission,  threat,  and  survivability  considerations. 

(2)  (U)  LHX  mission  environment. 

(a)  (U)  The  design  of  an  aircraft  (including  the  number  of 
crewmembers)  is  greatly  influenced  by  the  proposed  missions  to  be  flown,  the 
environment  (weather,  terrain,  etc.)  in  which  it  will  be  operating,  and  the 
threats  which  are  expected  to  be  encountered  during  the  mission.  For  the  LHX 
crew  size  study,  the  missions  con  idered  were:  antiarmor,  reconnaissance, 
antipersonnel,  and  security.  Air-to-air  combat  was  included  in  all  missions. 

A  comprehensive  description  of  each  of  these  missions  Is  documented  in  appen¬ 
dix  L.  A  composite  mission  scenario  was  selected  as  the  representative 
mission  for  this  report  and  the  simulation  programs  to  be  conducted  for  the 
LHX  and  ARTI  programs.  This  composite  mission  was  used  because  it  incor¬ 
porated  elements  of  most  all  of  the  missions,  provides  a  good  baseline  for 
crewmember  task/workload  analysis,  and  simplifies  the  simulation  problem  of 
multiple  missions. 

(b)  (U)  The  geographical  setting  is  that  of  the  Fulda  region  of 
Germany.  The  environment  of  this  area  is  one  of  the  most  demanding  for  heli¬ 
copter  low-level/NOE  operations  worldwide.  Low  ceilings  and  limited 
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visibility  conditions  are  common  most  of  the  year,  thus  restricting  normal 
operations.  The  terrain  varies  from  flatlands  to  rolling  hills  to  mountains, 
which  tends  to  make  low-level/NOE  flight  more  difficult  and  hazardous.  The 
cultural  features  of  this  area  complicate  navigation  because  many  of  the 
villages  and  towns  appear  virtually  alike. 

(c)  (U)  The  expected  threats  and  threat  density  are  primary  drivers 

in  aircraft  and  cockpit  design  considerations.  The  type  of  threats  to  be 
encountered  will  be  radar/electro-optics  (EO)  directed  AAA,  radar/EO/IR  SAMs, 
look-down/ shoot-down  airborne  interceptors,  and  high-performance  threat  heli¬ 
copters.  In  addition  to  this  already  formidable  array  of  threats,  the  LHX 
pilot  will  have  to  contend  with  a  multitude  of  automatic  weapons  and  ground 
obstacles  (both  natural  and  man-made).  Add  to  this  the  nuclear,  biological, 
ar.d  chemical  (NBC)  contamination  and  obscurants  (both  natural  and  man-made), 
and  you  ha''e  "the  dirty  battlefield."  These  threat  systems  will  have  very 
low-altitude  coverage  capability  and  will  be  mobile,  thus  making  mission 
accomplishment  a  very  difficult  task. 

(1)  (U)  Operational  concerns.  The  selection  of  a  crew  size  for  the 

LHX  involves  a  number  of  factors,  including  mission  effectiveness,  technology 
availability  and  risk,  program  resources,  and  goals.  The  crew  size  decision 
process  must  also  take  into  account  the  operational  concerns  related  to  crew 
size.  The  operational  requirements  will  demand  an  aircraft  capable  of  per¬ 
forming  a  variety  of  missions  as  discussed  in  the  mission  needs  appendix  of 
this  TOA  report.  The  discussions  of  operational  concerns  in  the  following 
paragraphs  have  been  based  on  the  subject  matter  expert  reports  found  in  the 
annexes,  along  with  inputs  received  during  interviews  with  operational  pilots. 
The  question  which  the  HF/MMI  team  sought  to  answer  is  this:  "Is  there  an 
operational  advantage  to  the  US  Army  having  either  a  single-  or  two-seat  LHX?" 
The  areas  which  need  to  be  considered  in  answering  this  question  include: 

—  Operational  effectiveness. 

Flight  safety. 

—  Training. 

—  Survivability. 

—  Mission  flexibility  and  growth. 

—  Fatigue/stress . 

—  Performance. 

—  Cost. 

--  Risk. 
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(a)  (U)  Operational  effectiveness. 

1_.  (U)  The  LHX  is  to  be  a  multirole  aircraft  that  will  perform  many 

diverse  missions  throughout  the  world.  The  multirole  mission  will  make  it 
extremely  difficult  for  the  designer  to  maximize  the  aircraft  capability  for 
each  of  the  specific  missions.  The  final  LHX  configuration  will  most  likely 
be  a  compromise  between  individual  mission  requirements,  resulting  in  an 
aircraft  optimized  across  all  missions. 

2_.  (U)  The  integrated  battlefield  will  require  he  LHX  crew  to 

simultaneously  perform  a  number  of  mission  tasks.  For  example,  during  the 
target  acquisition  and  engagement  task,  the  aircrew  will  be  required  to  con¬ 
centrate  on  the  target  while  watching  out  for  threat  ground  and  air  weapons 
that  are  trying  to  kill  them  and  communicating  with  numerous  other  -.'mbers  of 
the  combined  arms  team. 

3^.  (U)  There  will  be  situations  where  the  nature  of  the  battle  and 

the  mission  will  overload  the  single  pilot.  In  general,  these  situations  will 
occur  as  a  consequence  of  the  LHX  pilot  being  unable  to  control  the  pace  in 
which  certain  functions  must  be  accomplished.  During  many  missions,  the  com¬ 
munication  task  alone  threatens  to  overload  the  pilot.  In  addition,  the 
effectiveness  of  the  single-pilot  LHX  can  be  expected  to  be  less  than  desired 
when  the  pilot  is  sleepy,  tired,  or  sick  or  when  his  thoughts  are  distracted 
by  personal  problems. 

4^.  (U)  The  target  engagement  task  itself  requires  a  great  deal  of 

concentration  on  the  part  of  the  pilot  to  destroy  the  target.  Any  distraction 
due  to  other  tasks  such  as  responding  to  threat  warnings,  communicating  with 
others,  or  aircraft  control  will  reduce  that  concentration  and  degrade  perfor¬ 
mance.  Studies  regarding  aircraft  attack  missions  have  indicated  that  a  two- 
man  crew  is  less  easily  saturated  as  the  workload  increases  due  to  enemy 
threats  or  malfunctioning  equipment.  A  two-crew  aircraft  would  allow  one 
crewmember  to  concentrate  on  the  offensive  task  of  killing  targets,  while  the 
second  crewmember  concentrated  on  the  other  aspects  of  the  mission  such  as  the 
defensive  tasks.  If  the  LHX  were  designed  to  provide  one-man  operability,  as 
well  as  the  capability  for  each  crewmember  to  perform  specific  tasks  without  a 
full  dependency  on  the  other  crewmember,  the  flexibility  of  the  LHX  and  its 
operational  effectiveness  could  be  maximized. 

^  J>.  (U)  Observations  of  personnel  involved  in  the  engineering  simula¬ 

tion  previously  mentioned  are  that  the  LHX  will  become  highly  vulnerable  when 
the  pilot  workload  factor  becomes  too  much  r  one  man  to  cope  with;  e.g., 
engaging  targets  while  flying  low  level  or  NOE.  Further  substantiation  of 
this  can  be  found  in  numerous  NASA  workloau  studies  which,  in  summary,  say: 
Increased  automation  may  have  decreased  the  number  of  overt  responses  the 
aircraft  crew  may  be  required  to  make,  but  increased  system  capabilities  may 
have  disproportionally  reduced  the  time  available  to  make  those  remaining 
responses  and/or  added  new  monitoring  tasks.  The  introduction  of  automation 
does  not  necessarily  reduce  the  involvement  of  the  crew  in  aircraft  opera¬ 
tions,  but  only  changes  it. 
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(U)  Operational  effectiveness  is  especially  important  in  this 
decade  since  the  Army  will  be  fighting  outnumbered.  Attrition  rates  in 
contemporary  high-intensity  conflicts  such  as  the  Yom  Kippur  War  have  been 
significantly  higher  than  for  World  War  II  rates,  and  a  war  in  Central  Europe 
could  produce  astronomical  losses.  In  view  of  the  projected  total  number  of 
LHX-SCATs  to  be  fielded,  the  Army  must  be  sure  that  it  can  achieve  the  maximum 
possible  benefits  from  its  aircraft  in  terms  of  enemy  weapon  systems 
destroyed . 

(b)  (U)  Flight  safety.  Since  the  US  Army  has  no  scout  or  attack 
aircraft  operated  by  a  single  crewmember,  flight  safety  data  was  obtained  from 
the  other  services.  Although  other  factors  such  as  mission  and  operational 
environment  prevent  a  simple  comparison  between  two  specific  aircraft,  the 
overall  safety  statistics  indicate  that,  in  general,  a  two-seat  aircraft  is 
safer  to  operate  than  a  single  seater.  Naval  Safety  Center  statistics  show 
that  a  two-seat  F-4  has  a  lifetime  mishap  rate  of  2.77  versus  4.79  for  the 
single-pilot  F-8.  The  lifetime  mishap  rate  for  the  two-seat  A-6  is  1.52  as 
compared  to  2.66  for  the  single-place  A-7  aircraft.  The  A-6  had  five  pilot 
error  mishaps  versus  41  pilot  error  mishaps  for  the  A-7.  The  data  reviewed 
for  the  Air  Force  and  the  Navy  aircraft  mishaps,  although  not  directly  equated 
to  the  helicopter  environment,  does  indicate  a  two-crewmember  aircraft  may 
provide  an  extra  margin  of  safety.  The  majority  of  aircraft  mishaps  have 
pilot  error  as  a  contributing  factor,  many  involving  mistakes  where  the  pilot 
fails  to  notice  an  emergency  situation  or  fails  to  follow  the  procedural 
methods  in  a  timely  manner.  This  could  easily  occur  during  the  heat  of  battle 
in  a  single-crew  LHX  when  the  pilot  is  concentrating  on  mission  success.  The 
presence  of  a  second  crewmember  would  permit  a  more  effective  handling  of  such 
situations.  In  the  NOE  environment,  the  second  crewmember  would  free  the 
pilot  from  a  number  of  crewstation  duties  and  allow  him  to  concentrate  on 
flying  the  aircraft.  From  a  flight  safety  aspect,  a  two-seat  LHX  could  prove 
to  be  more  cost-effective  than  a  single  seater. 

(c)  (U)  Training.  A  detailed  assessment  of  the  LHX  training  con¬ 
siderations  is  covered  in  appendix  U.  This  section  discusses  those  training 
concerns  that  are  more  directly  related  to  the  crew  size  issue. 

1^.  (U)  Seasoning  p^fcess. 

_a.  (U)  The  training  and  seasoning  process  currently  in  place  allows 

for  the  aviatcr  to  be  approximately  75  percent  operationally  ready  when  he 
leaves  the  training  base.  He  must  then  be  paired  with  an  experienced  aviator 
at  the  unit  to  learn  from  the  experienced  pilot.  During  the  Vietnam  War,  this 
"seasoning  process"  used  by  both  the  Army  and  the  Air  Force  proved  very  effec¬ 
tive.  A  single-place  aircraft  would  require  additional  training  at  the  insti¬ 
tutional  base  and  would  prohibit  the  use  of  the  training  and  "seasoning 
process"  as  currently  practiced.  Since  effectiveness  and  the  survival  of  the 
new  guy  are  directly  related  to  the  learning  curve,  the  "seasoning  process"  is 
an  important  consideration  for  the  LHX. 


R-32 

UNCLASSIFIED 


UNCLASSIFIED 


(.11)  Historical  studies  indicate  that,  in  a  single-place  aircraft 
operated  by  a  pi.ot  without  combat  experience,  the  pilot's  chances  of  sur¬ 
viving  the  first  engagement  are  less  than  50-50.  The  probability  of  survival 
increases  with  experience  level.  For  a  two-seat  aircraft,  with  an 
experienced/new  pilot  mixture,  the  new  pilot  would  enjoy  approximately  the 
same  probability  of  survival  as  the  more  experienced  pilot/aircraft  commander 
(figure  R-16).  The  piooebility  of  survival  is  based  on  the  exposure  and 
experience  of  the  aviator. 

c.  (U)  With  c  urrent  training  strategy,  it  is  assumed  that,  at  the 
time  of  graduation  from  flight  school,  the  novice  aviator  does  not  necessarily 
require  full  proficiency  in  his  mission  aircraft  or  its  subsystems.  It  is 
expected  that  a  consider  cble  amount  of  learning  and  skill  improvement  will 
take  place  under  the  guidance  of  more  experienced  aviators.  Even  after  a  new 
pilot  has  obtained  status  as  pilot  in  command,  it  is  common  ornctice  to  pair 
him  with  more  experienced  aviators  when  flying  until  he  has  sufficient 
experience  and  self-conf id<-  ce  tc  fly  with  less  experienced  copilots.  The 
single-seat  aircraft  would  net  permit  such  a  training  strategy  to  continue. 

2_.  (U)  Training  requirements. 

ju  (U)  A  basic  requirt.ment  for  preparing  aviators  to  employ  a 
single-seat  SCAT  aircraft  will  be  a  two-scat  trainer.  In  reviewing  the  flight 
and  mission  tasks  for  which  LHX-SCAT  avi'torp  must  be  trained,  approximately 
170  were  identified  which  should  require  a  reasonable  level  of  proficiency 
before  being  executed  or  practiced  solo.  Karr-  of  these  tasks,  notably 
emergency,  instrument  flight,  and  weapon  employment  procedures,  can  be  trained 
adequately  using  simulators.  However,  there  are  a  considerable  number  of 
activities,  central  to  scout  and  attack  mission  tactics,  which  cannot  be  ade¬ 
quately  trained  in  simulators  using  current  technology.  Proficient 
performance  of  these  activities  requires  precision  timing  and  control 
responses  based  on  fine  discrimination  of  sensory  cues  (visual,  auditory,  and 
vestibular)  which  involve  too  much  detail  and  subtlety  to  be  accurately  simu¬ 
lated  at  reasonable  costs.  They  Include: 

(1_)  (U)  Terrain  flight  and  maneuvering. 

(2)  (U)  Simultaneous  terrain  flight  and  target  engagement 
techni ques . 

(3)  (U)  Confined  area  operations. 

(j*)  (U)  Touchdown  maneuvers  such  as  autorotation  and  slope  landings. 

(U)  Si'.ro  the  tasks  comprising  each  of  these  groupings  all 
involve  significant  afety  risks,  they  should  be  practiced  under  direct  super¬ 
vision  of  a  qualified  instructor  pilot  until  students  develop  sufficient  skill 
tc  safely  continue  practicing  them  solo. 
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2.  (U)  Aviator  requirements. 

a .  (U)  While  interviewing  Navy,  Air  Force,  and  Marine  Corps  opera¬ 

tional  pilots,  many  of  them  conveyed  their  concerns  for  the  average  pilot 
trying  to  operate  complex  systems  such  as  those  found  on  the  F/A-18.  Both 
F-18  and  F-15  pilots  mentioned  that  it  was  almost  impossible  to  learn,  much 
less  maintain  proficiency  in,  all  of  the  many  capabilities  of  each  and  every 
system  on  the  aircraft.  The  F-15  target  acquisition  and  fire  control  radar  is 
a  good  example;  pilot  interviews  indicate  that  it  is  a  major  effort  to  learn 
its  many  modes  of  use.  To  handle  the  problem  while  in  flight,  they  usually 
develop  combat  skills  in  only  three  or  four  operational  modes.  This  indicates 
that  the  aircraft  has  more  system  capabilities  than  the  pilot  is  able  to  uti¬ 
lize.  (The  above  comments  were  made  by  aviators  with  college  degrees,  often 
with  engineering  backgrounds,  and  more  extensive  flight  training  than  that 
received  by  Army  aviators.) 

b>.  (U)  The  pilot  of  a  single-seat  LHX  may  have  to  have  superior 
mental  capabilities.  This  type  of  soldier  will  be  in  short  supply  and  high 
demand  by  other  branches  and  specialties.  Because  of  this,  the  single-seat 
LHX  may  not  have  the  desired  impact  on  the  Army's  manpower  requirements.  The 
availability  of  pilots  with  the  ability  to  handle  such  complex  systems  while 
flying  the  aircraft  without  the  benefit  of  additional  unit  seasoning  may  be  an 
even  more  serious  problem  than  just  a  numbers  problem.  It  may  be  that  the 
single-place  aircraft  will  not  require  additional  pilots  to  meet  the  24-hour 
operational  capability,  but  if  it  requires  such  high-caliber  people  to  use  it, 
have  we  not,  in  fact,  compounded  the  pilot  availability  problem?  Pilot  , 
availability  problems  will  not  disappear  with  the  single-place  aircraft.  This 
is  evidenced  by  the  Navy  which  continues  to  have  pilot  availability  problems 
even  though  they  have  fielded  a  number  of  single-place  aircraft.  Entrance  and 
training  requirements  for  Naval  aviators  can  be  viewed  as  major  causes  of  the 
continuing  problem.  A  two-man  crew  (not  necessarily  both  rated)  would  reduce 
the  requirements  for  the  type  of  man  selected  and  the  degree  of  training 
required  for  any  one  individual. 

(d)  (U)  Survivability. 

1_.  (U)  A  conventional  war  between  the  North  Atlantic  Treaty 

Organization  (NATO)  and  the  Warsaw  Pact  would  engage  masses  of  aircraft, 
tanks,  troops,  and  specialized  weapons.  At  its  heart  would  be  electronic  war¬ 
fare  (EW)  and  ECM,  especially  in  air  defense  operations.  Pilots  would  be 
expected  to  penetrate  the  most  sophisticated  SAM  and  AAA  belts  ever  fielded. 

2_.  (U)  A  typical  Warsaw  Pact  army  of  four  or  five  divisions  has  an 
air  defense  system  near  l’ e  forward  edge  of  the  battle  area  covering  a  Front 
about  50  km  long  and  100  km  deep.  Such  an  Army  typically  has  32  batteries  of 
ZSU-23-4s,  23  batteries  of  S-50  AAA,  5  batteries  of  SA-6  SAM,  9  batteries  of 
SA-4  SAM,  and  3  batteries  of  SA-2  SAM,  plus  ubiquitous  shoulder-fired  SA-7s, 
quadruple  SA-9s,  command-guided  SA-8s  mounted  on  vehicles,  and  individual 
automatic  weapons.  Large  numbers  of  overlapping  early  warning,  ground 
control,  intercept,  and  acquisition  radars  tie  these  factors  together. 
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3/  (U)  Just  the  magnitude  of  individual  weapons  presents  problems. 

Since  the  threat  is  made  up  of  so  many  different  systems  pointing  from  many 
different  areas,  aircrews  will  be  faced  with  warning  from  all  quarters.  Not 
only  will  the  radar  warning  receiver  light  up  in  all  directions,  but  the  head¬ 
set  tones  may  be  continuous.  This  can  be  confusing  and  distracting,  forcing  a 
"head  in  the  cockpit"  reaction.  Many  Vietnam  and  Middle  East  combat  veterans 
consider  this  very  dangerous  since  a  crewmember's  eyes  are  often  his  most 
effective  piece  of  ASE.  In  past  conflicts,  an  often  used  enemy  trick  was  to 
set  up  multiple  automatic  firing  positions.  One  would  fire  at  the  aircraft  to 
distract  the  pilot  while  another,  unless  observed  by  a  second  crewmember, 
would  make  the  kill.  Based  on  the  LHX  missions  and  threat  assessment,  this 
type  of  situation  can  be  expected  to  be  repeated  in  future  engagements  with 
one  exception:  the  second  crewmember  will  not  be  present.  Another  point  to 
consider  is  that,  during  combat,  the  aircrew  which  detects  the  enemy  first  has 
a  decided  advantage  in  making  the  kill  and  increasing  their  own  probability  of 
survival.  The  second  crewmember  can  make  that  happen. 

4..  (U)  When  pilots  and  designers  talk  about  survivability,  SAMs  seem 

to  be  the  preferred  subject;  however,  there  is  every  reason  to  believe  that, 
with  the  exception  of  the  shoulder-fired  SAMs,  the  ZSU-23-4  and  smaller 
antiaircraft  guns  will  continue  to  be  the  greatest  threat  to  Army  aviation. 
Modeling  conducted  during  the  LHX  TOA  showed  that,  by  virtue  of  having  crew 
redundancy,  the  two-place  LHX  was  approximately  25  percent  more  survivable 
against  all  threats  modeled.  For  a  more  detailed  analysis  of  the  sur¬ 
vivability  aspects  of  the  one-  versus  two-crewmember  issue,  refer  to  the  sur¬ 
vivability  appendix  of  the  TOA  (appendix  Q). 

(e)  (U)  Mission  growth  and  flexibility.  Historically,  the  design  of 

single-seat  aircraft  is  oriented  toward  a  specific  mission  or  series  of 
missions  predicated  on  the  assumed  threat  at  the  time  of  system  development. 

As  rapidly  as  these  systems  are  placed  in  combat,  the  Increased  threat  and 
operational  conditions  require  them  to  be  modified.  New  capabilities  are 
added  that  tend  to  place  an  increased  workload  burden  on  the  pilot.  The  next 
step  is  often  to  design  a  new  version  of  the  aircraft  with  two  seats.  This 
cycle  has  been  repeated  throughout  aviation  history.  The  LHX  will  probably  be 
no  exception. 

_1_.  (U)  The  LHX  is  projected  to  have  a  25-percent  growth  factor  built 

in.  Advances  in  mission  avionics  and  weapons  make  this  a  conservative  esti¬ 
mate.  The  accomplishment  of  the  new  missions  will  be  made  possible  with  addi¬ 
tional  components  added  to  the  aircraft  as  needed. 

(U)  If  the  answer  to  more  capability  is  the  addition  of  new 
systems  to  the  crew  station,  that  potential  growth  may  be  limited  by  the 
single  pilot  operating  at  maximum  capacity.  This  will  be  especially  true  when 
an  aircraft  system  malfunctions  and  the  pilot  has  to  "take  up  the  slack." 
Designing  the  LHX  for  two  seats  initially  could  enhance  the  system's  opera¬ 
tional  flexibility  and  be  of  great  benefit  in  adapting  to  the  mission  changes 
expected  over  the  service  life  of  the  LHX. 
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(f)  (U)  Fatigue/stress. 

l_.  (U)  Current  Army  flight  regulations  (Army  Regulation  95-1) 

specify  the  number  of  flight  hours  which  can  be  logged  per  day  as  a  function 
of  type  of  flight  profile,  environmental  conditions,  and  number  of  engagement 
days.  Studies  dealing  with  combat  fatigue  have  reported  that  10  combat  days 

are  equivalent  to  17  calendar  days  of  normal  flying.  As  a  rule,  pilots  are 

expected  to  be  able  to  fly  between  8  and  12  hours  a  day.  During  surge  opera¬ 

tions  (or  the  independent  actions  of  an  Army  21  close  combat  force),  pilots 
may  be  called  upon  to  fly  considerably  more  hours  than  normal,  as  well  as 
attending  to  additional  duties.  The  net  result  will  be  fatigue.  The  LHX 
envisioned  is  expected  to  be  superior  in  the  management  of  workload  and 
release  from  tedious  tasks;  however,  the  price  paid  will  be  increased  cogni¬ 
tive  involvement  by  the  pilot.  While  the  effects  of  fatigue  upon  aviators  is 
a  topic  still  being  researched,  it  is  safe  to  assume  that  lack  of  sleep, 
coupled  with  long  flight  hours,  will  take  its  toll  upon  the  pilot's  ability  to 
comprehend  and  react  to  the  aircraft  and  the  tactical  situation. 

2_.  (U)  Only  high-fidelity  simulation  training  and  stressful  flight 

time  in  the  aircraft  will  protect  the  pilot  from  the  immediate  effect  of  high- 
intensity  stress.  A  realistic  rest  and  relaxation  policy,  coupled  with 
psychological  decompression  techniques,  will  also  be  required  to  extend  the 
pilot's  effectiveness.  However,  even  when  a  soldier  is  provided  with 
realistic  and  imaginative  familiarization  training  and  has  formed  a  generally 
accurate  picture  of  combat  conditions,  there  will  nonetheless  remain  a  gap 
between  his  mental  preparation  and  his  first  experience  of  being  fired  upon. 
Nothing  can  prepare  you  for  the  experience  of  being  fired  upon.  The 
realization  that  these  people  mean  to  kill  you  has  a  severe  impact  on  your 
psychological  well-being  and  performance. 

.3.  (U)  The  overall  effect  of  the  fatigue  and  psychological  impact 

will  be  that  the  pilot's  normal  skill  may  break  down  and  he  may  begin  to  deal 
with  separate  component  requirements  and  not  be  able  to  integrate  them  into 
the  integrated  requirements  and  responses.  Not  only  will  there  be  a 
demonstrable  fall  in  the  level  of  performance,  but  flight  safety  will  also  be 
jeopardized  in  that  the  pilot  will  accept  a  lower  standard  of  performance.  He 
may  take  unnecessary  risks  with  a  consequent  reduction  of  safety  margins; 
hence,  there  will  be  an  increase  in  the  probability  of  an  incident  or  acci¬ 
dent.  A  significant  finding  of  aviation  fatigue  res-  rch  was  the  increase  in 
the  number  of  errors  toward  the  end  of  a  flight  as  if  the  pilot  felt  that, 
having  accomplished  the  bulk  of  his  mission,  he  could  relax.  Given  the 
reduced  number  of  crewmembers  and  the  requirement  for  longer  missions,  we  can 
expect  a  significant  increase  in  fatigue-related  mishaps 

(U)  The  impact  of  fatigue  and  stress  on  the  LHX  crew  size  is 
significant  in  that,  with  a  single  pilot,  there  will  possibly  be  a  decrease  in 
performance  simply  because  he  is  required  to  accomplish  numerous  tasks  while 
simultaneously  monitoring  other  tasks  without  any  significant  relief 
throughout  multiple  missions.  The  question  which  must  be  answered  is  whether 
a  single  pilot  or  two  pilots  will  best  be  able  to  perform  at  acceptable  levels 
of  effectiveness  and  survive  for  an  extended  period  of  combat.  The  dynamics 
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of  Che  integrated  battlefield  will  surely  create  situations  where  a  very  tired 
LHX  pilot  will  be  required  to  conduct  an  in-flight  change  of  mission  and  end 
up  a  considerable  distance  away  from  his  parent  unit  where  a  relatively 
“rested"  aviator  is  waiting  without  an  aircraft  to  relieve  him. 

5^  (U)  Although  the  effect  of  isolation  on  the  LHX  single  pilot 

remains  an  unknown,  historical  data  shows  conclusively  that  soldiers  fight 
more  aggressively  and  effectively  as  a  team.  The  two-man  foxhole  concept  was 
derived  from  combat  experience  with  a  one-man  foxhole.  The  two-man  foxhole 
has  proven  t.o  be  more  effective.  The  same  concept  can  carry  over  to  the  crew 
of  the  LHX.  The  LHX  pilot  may  very  well  spend  over  half  of  his  total  mission 
time  in  direct  confrontation  with  the  enemy.  The  utilization  of  forward 
arming  and  refueling  points  will  produce  more  time  on  station  which  will 
result  In  repetitive  engagements  with  the  enemy  without  any  extended  rest. 

The  Air  Force  and  Navy  have  for  a  long  time  used  the  wingnan  concept  which, 
under  most  cases,  permits  a  pilot  to  have  eye-to-eye  contact  with  another 
individual.  The  LHX,  however,  cannot  use  such  a  concept  as  effectively 
because  of  the  need  to  remain  dispersed  and  hidden  from  the  enemy.  The  LHX 
pilot  may,  in  fact,  go  through  a  complete  mission  without  seeing  any  other 
individuals  except  those  on  the  ground  trying  to  kill  him.  Without  a  doubt, 
Army  pilots  are  extremely  aggressive  and  capable  but  have  never  before  had  to 
deal  with  complete  combat  isolation  over  long  periods  of  time.  Based  on  past 
combat  experiences,  it  may  be  a  problem  that  will  reduce  overall  mission 
effectiveness,  A  two-crew  LHX  would  do  much  to  relieve  that  problem. 

(g)  (U)  Performance.  Consideration  of  a  single-seat  aircraft  raises 
the  fundamental  question:  How  much  larger  would  the  two-place  aircraft  be  and 
how  much  performance  would  be  lost?  Although  the  Army  has  no  experience  with 
designing  a  true  single-seat  helicopter,  projections  by  both  the  government 
and  the  contractors  put  the  projected  difference  somewhere  between  600  and  750 
pounds.  This  may  be  an  overestimate  when  the  increased  mission  equipment  and 
ballistic  protection  is  provided  for  the  single  pilot.  Although  exact  perfor¬ 
mance  figures  are  not  yet  available,  performance  degradation  for  the  two-place 
aircraft  should  not  be  a  major  factor  if  the  decision  is  made  early  enough  to 
allow  Innovative  design  studies.  However,  if. a  decision  for  the  one-man  LHX 
is  made  and  it  is  later  proven  that  it  will  not  work,  the  LHX  program  will 
have  to  stop  while  the  redesign  of  a  two-place  aircraft  which  meets  require¬ 
ments  is  completed.  This  wouM  not  be  the  case  for  the  less  risky  two-place 
design.  The  extra  space  coult-  be  filled  with  additional  fuel,  mission  equip¬ 
ment,  or  armament,  or  a  second  pilot  when  required. 

(h)  (U)  Cost. 

1^.  (U)  A  single-seat  LHX  has  one  main  advantage — lower  production 

and  operating  costs.  For  comparable  speed  and  endurance,  it  is  projected  that 
it  will  be  about  15  percent  lighter  in  empty  weight  and  in  gross  weight  than 
its  two-seat  counterpart.  These  lighter  weights  should  translate  into  lower 
airframe  and  recurring  production  costs — costs  which  are  generally  propor¬ 
tional  to  airframe  weight.  Since  the  engine  has  been  sized  at  1,200  shaft 
horsepower,  there  would  be  no  significant  savings  associated  with  the  engine. 
Some  of  the  recurring  cost  advantages  of  a  single-seat  LHX  would  be  offset  by 
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the  higher  development  and  testing  cost  of  the  automation  features  required 
for  a  single  pilot.  There  may  also  be  significant  added  recurring  costs  for 
the  extra  sensors  and  computational  capability  associated  with  the  single-crew 
LUX.  The  net  effect  is  that  the  production  unit  cost  of  the  single-seat 
aircraft  is  expected  to  be  somewhat  less  than  its  two-seat  counterpart. 

2.  (U)  A  possible  disadvantage  often  associated  with  the  two-seat 

aircraft  is  the  inceased  life  cycle  cost  of  the  aircraft.  However,  if  just 
one  of  the  second  crewmembers  in  a  "flight"  of  five  two-seat  LHX's  sights  an 
enemy  threat  or  identifies  an  unsafe  flight  condition  and  saves  his  aircraft, 
he  would  in  effect  "pay"  for  the  life  cycle  cost  of  having  the  second  man  in 
the  aircraft  for  the  entire  flight.  Thus,  it  3eems  that  the  backseater  would 
be  cost-effective  in  increased  survivability  nd  safety  alone. 

(i)  (J)  Risk.  Prior  to  the  TOD  and  the  TOA,  contractors  were  asked 
to  explore  the  possibility  of  building  a  single-pilot  SCAT  aircraft.  The 
contractors  provided  the  government  with  data  which  alluded  to  a  highly 
advanced,  highly  automated  aircraft  which  constituted  a  high-risk  program. 
Based  on  the  HF/MMI  analysis,  the  single-pilot  crew  station  constitutes  a 
higher  risk  than  the  two-place  crew  station.  The  single-pilot  aircraft  will 
require  more  extensive  automation  and  crewstation  integration  than  a  two-place 
aircraft . 

(j)  (D)  Summary.  From  an  operational  and  mission  performance  stand¬ 
point,  the  two-crew  LHX  appears  to  be  the  better  choice.  The  analysis  of  the 
operational  concerns  indicates  that  a  two-crew  LHX  will  be  more  survivable, 
more  operationally  effective,  and  safer  to  fly.  The  second  person  in  the 
crewstation  can  reduce  the  effects  of  fatigue  and  stress  and  provide  con¬ 
siderable  flexibility  in  mission  performance  and  growth.  It  is  also  estimated 
that  training  effectiveness  will  be  enhanced  and  cost  will  be  less  with  a  two- 
seat  LHX.  The  main  disadvantage  of  the  two-seat  configuration  is  the  pre¬ 
dicted  production  and  life  cycle  cost  which  i3  expected  to  be  only  slightly 
higher  than  a  single-seat  version. 

f.  (U)  Integrated  Crewstation. 

(1)  (U)  Overview. 

(a)  (U)  The  combat  effectiveness  of  the  LHX  largely  depends  on  the 
aircrew's  ability  to  successfully  opera. e  the  aircraft  and  Its  onboard  equip¬ 
ment  and  systems  in  flight.  To  obtain  the  best  overall  operational  effec¬ 
tiveness,  the  interface  between  the  aircrew  and  the  aircraft  must  be  designed 
to  effectively  capitalize  on  the  capabilities  of  technology  and  the  aircrew. 

(b)  (U)  Early  crewotation  designs  were  relatively  uncluttered  and 
contained  only  minimal  instrumentation,  displays,  controls,  and  flight  systems 
necessary  for  optimal  daylight  flying.  These  systems  were  well  within  the 
capabilities  and  workload  limitations  of  the  aircrews.  As  the  full  potential 
of  Army  aircraft  was  realized,  mission  requirements  and  aircraft  crewstation 
configurations  began  to  change.  New  dedicated  devices  and  systems  were  added, 
each  competing  for  the  limited  space  within  the  FOV  and  reach  of  the  aviator. 
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Each  new  function  or  system  added  usually  resulted  In  the  addition  of  one  or 
more  dedicated  displays  or  controls.  Due  to  the  limited  space  within  the 
crewstati or.,  It  was  not  always  possible  to  place  the  new  controls  oi  displays 
in  a  position  that  maximized  human  effectiveness. 

(c)  (U)  The  additional  workload  imposed  by  the  large  variety  of 
systems  incorporated  into  the  crewstations  was  further  complicated  by  more 
demanding  missions.  When  the  primary  Army  aviation  mission  was  combat  sup¬ 
port,  transporting  soldiers  and  equipment  at  relatively  high  altitudes, 
aviators  were  afforded  more  than  sufficient  time  to  cross-check  instruments, 
tune  radios,  monitor  their  crewstation  systems,  and  fly  the  aircraft.  With 
the  addition  of  close  combat  missions  and  the  advent  of  highly  sophisticated 
ground-to-air  weapons  deployed  by  the  enemy,  Army  aviation  was  required  to 
change  tactics.  The  luxury  of  flying  well  above  the  terrain  is  no  longer 
affordable.  Helicopters  are  now  required  to  utilize  terrain  flight  tech¬ 
niques,  often  flying  below  treetop  levels  to  avoid  enemy  detection.  When 
flying  in  the  terrain  flight  regime,  most  of  the  aviator’s  attention  must  be 
concentrated  outside  the  aircraft,  leaving  little  time  for  monitoring  instru¬ 
ments  or  operating  controls  and  systems  Inside  the  crewstation. 

(d)  i,IJ)  Tue  requirement  to  be  able  to  fly  and  fight  around  the  clock 
further  compounds  the  problem.  When  flying  at  night  or  at  reduced  visibility 
levels,  the  aviator’s  capability  to  see  things  outside  the  aircraft  13  greatly 
reduced.  To  ease  the  burden  of  flight  at  night,  new  technologies  like  image 
intensification  night  vision  goggles  (NVG),  low-light  level  video  cameras 
(LLTV),  and  1R  video  systems  have  been  incorporated  into  Army  helicopters. 
These  systems  do  provide  an  enhanced  night  flight  capability,  but  they  have 
increased  the  number  of  displays  and  controls  the  aviators  of  dual-crew 
aircraft  must  be  attentive  to,  thereby  increasing  the  aircrew  workload. 

(e)  (U)  The  increased  demands  of  future  conflicts,  coupled  with  the 
addition  of  new  and  more  complex  systems  in  the  crewstation,  could  easily 
reach  a  point  where,  if  not  property  integrated,  the  crew  workload  or  atten¬ 
tion  level  may  prevent  obtaining  the  maximum  effectiveness  from  the  aircrew 
and  the  aircraft  in  the  highly  intense  and  dynamic  conflicts  of  the  future. 

(f)  (U)  Technological  advances  over  the  past  years  have  demonstrated 
a  considerable  increase  in  the  capability  of  aviation  systems  and  mission 
equipment.  Human  or  aircrew  capabilities,  on  the  other  hand,  have  increased 
in  the  domain  of  knowledge  and  training,  but  the  aircrew’s  cognitive  and 
sensory  capabilities,  anthropometry,  and  environmental  requirements  have 
changed  very  little.  For  example,  the  capability  to  present  visual  infor¬ 
mation  on  displays  in  the  cockpit  has  changed  from  the  dedicated  dial  and 
moving  needle  to  graphically  presenting  information  on  electronic  displays. 

The  aviator's  visual  capabilities  and  limitations,  on  the  other  hand,  remain 
essentially  the  same  as  they  were  in  the  past.  To  assure  the  success  of  the 
LHX  in  future  conflicts,  aircrew  workload  must  not  be  allowed  to  exceed  a 
level  that  restricts  the  effective  use  of  the  full  aircraft  capabilities. 

(g)  (U)  Applying  advanced  technology  is  certainly  an  appropriate  way 
to  improve  performance  and  overcome  the  space  and  weight  limitations  in  modern 
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aircraft,  as  long  as  its  use  remains  within  the  abilities  and  capabilities  of 
the  aircrew  that  must  operate  the  system.  The  change  from  current  crewstatlon 
configurations  to  a  more  sophisticated  design  is  expected  to  shift  the  crew 
workload  from  one  that  is  manual  or  physical  to  one  that  is  more  demanding 
from  a  cognitive  and  mental  workload  aspect.  In  effect,  the  aviator  whose 
past  role  was  one  of  system  operator  and  information  integrator  becomes  a 
system  manager. 

(h)  (U)  Electronics  and  avionics  systems  may  be  available  in  the  LHX 
development  time  period  that  can  gather  and  provide  all  the  information  needed 
to  fight  and  win  future  conflicts.  The  information  can,  however,  only  be  use¬ 
ful  if  presented  to  the  aircrew  at  a  rate  they  can  assimilate  and  effectively 
use.  To  best  optimize  available  technology,  it  is  vital  that  the  aircrew  be 
provided  essential  flight  and  mission  information  in  a  way  that  allows  them  to 
become  an  integral  part  of  the  system.  The  operation  of  advanced  Array  combat 
aircraft  demands  that  information  be  organized  and  presented  so  that  the 
aircrew  will  be  provided  with  preprocessed  data  relevant  to  the  specific 
mission  or  flight  phase  they  are  engaged  in. 

(i)  (U)  The  challenge  in  the  LHX  is  to  maximize  system  performance 
through  the  appropriate  assignment  of  mission  functions  to  the  aircrew  and  the 
aircraft  in  a  way  that  uses  the  best  attributes  of  both  man  and  machine.  The 
crewstatlon  displays  and  controls,  with  which  the  aircrew  interact,  must  be 
designed  to  capitalize  on  the  crew’s  capabilities.  One  of  the  goals  of  the 
LHX  program  is  to  design  an  aircraft  that  is  mission  effective  with  a  single 
crewmember.  To  accomplish  that  goal,  the  functions  now  performed  by  the 
second  crewmember  in  current  aircraft  must  be  automated  or  transfered  to  the 
single  crewmember. 

(j)  (U)  Flying  at  low  levels  and  NOE  below  treetop  levels  is 
extremely  demanding  on  the  flight  crew.  NOE  flight  requires  the  pilot  to 
focus  most  of  his  visual  attention  outside  the  crewstatlon  while  rapidly 
maneuvering  the  aircraft  around  obstacles  in  the  flight  path.  Add  the  other 
crew  tasks  like  navigation,  communication,  target  acquisition  and  engagement, 
and  monitoring  of  the  aircraft  subsystems,  and  the  demand  on  the  aircrew's 
physical  and  mental  abilities  rapidly  increases.  The  requirement  to  fly  and 
fight  around  the  clock  further  compounds  the  problem. 

(k)  (U)  The  increasingly  hostile  environment  Army  aviators  must 
fight  in  and  the  number  and  complexity  of  new  aviation  systems  requires  that  a 
large  amount  of  information  be  presented  to  and  assimilated  by  the  aircrew. 

The  most  essential  ingredient  of  the  design  of  the  LHX  for  the  future  battle¬ 
field  is  the  integration  of  the  vast  amount  of  information  provided  by  the 
aircraft  sensors  into  a  form  that  can  easily  be  interpreted  and  used  by  the 
aircrew. 


(1)  ('J)  The  goal  of  a  single-crevmember  LHX  demands  an  even  more 

efficient  crewstatlon  design.  The  full  integration  of  the  information 
displays,  the  control  techniques  employed,  and  the  capabilities  and  limita¬ 
tions  of  the  aircrew  at  a  level  much  greater  than  current  aircraft  is  man¬ 
datory  if  that  goal  is  to  be  achieved. 
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(m)  (U)  The  functions  the  aircrew  must  perform  In  the  LHX  fall  Into 
the  major  functional  areas  of  flight  control,  navigation,  communication, 
target  acquisition  and  engagement,  survivability,  and  system  status  moni¬ 
toring.  Each  of  these  functions  is  of  prime  importance  when  the  LHX  enters 
combat.  The  inability  of  the  aircrew  to  effectively  perform  any  one  of  these 
functions  could  result  in  degraded  performance  and  loss  of  mission  success. 

(n)  (U)  A  review  of  the  crewstation  integration  of  recently 
developed  aircraft  supports  that  hypothesis.  Both  the  AH-64  attack  helicopter 
and  the  OH-58D  scout  helicopter  require  a  crew  of  two  to  perform  their 
missions  even  though  some  of  the  technology  and  crewstation  integration  pro¬ 
posed  for  the  LHX  can  be  found  In  those  helicopters. 

(o)  (U)  In  a  single-crew  LHX,  many  of  the  crew  duties  must  be  auto¬ 
mated  to  take  up  the  slack  left  by  the  second  crewmember.  That  automation 
must  be  extensive  and  flexible  enough  to  provide  the  crew  the  option  to  use 
whatever  automation  is  best  suited  for  the  particular  mission  they  are 
involved  in  at  a  specific  time. 

(p)  (U)  A  review  of  the  major  human  factors  engineering  issues  of 
the  LHX  crewstation  Integration  concerns  has  indicated  that  the  capabilities 
and  limitations  of  the  human  must  receive  additional  consideration.  The  LHX 
is  expected  to  be  a  highly  automated  helicopter  with  the  capability  to  provide 
the  aircrew  with  a  continuous  flow  of  essential  information.  It  is  the 
integration  of  that  information  into  the  crewstation,  along  with  the  pro¬ 
cessing  of  that  information  by  the  crewmembers  and  the  resulting  control 
actions  on  the  part  of  the  aircraft,  that  require  much  attention  from  the 
human  factors  engineering  viewpoint.  Traditionally,  the  system  design  phase, 
making  the  hardware  work,  has  consumed  most  of  the  allotted  time  scheduled  for 
development  of  a  new  aircraft.  If  the  LHX  is  to  truly  provide  the  effective 
combat  system  needed  to  meet  the  future  threat,  the  human  factors  engineering 
effort  must  be  given  as  equal  an  emphasis  as  the  hardware  operational  design. 
The  human  factors  engineering  analyses  presented  in  the  Aviation  Systems 
Command  TOD  and  this  Trainign  and  Doctrine  Command  TOA,  along  with  the  preli¬ 
minary  results  provided  thus  far  from  the  ARTI  program,  all  contribute  to  the 
assessment  of  the  soldier-machine  interface  of  the  LHX  and  the  enhancement  of 
the  crew's  operational  capabilities  and  the  manpower,  personnel,  and  training 
requirements.  These  preliminary  efforts  provide  a  framework  for  the  develop¬ 
ment  of  the  LHX  bat  do  not  answer  all  the  human  factors  engineering-related 
issues.  Human  factors  engineering  for  the  LHX  crewstation  is  part  of  3n 
iterative  design  process  that  must  be  continually  reviewed  and  updated.  The 
operational  success  of  the  LHX  on  the  battlefield  is  dependent  on  that  process 
continuing. 

( q)  (U)  The  next  several  pages  In  this  appendix  will  address  /arious 
aspects  of  the  LHX  crewstation  and  will  examine  some  of  the  crew  functions 
upon  which  the  new  technology  may  have  a  positive  impact.  Workload  is  con¬ 
sidered  in  light  of  the  time  spent  on  specific  crew  activities  or  che  atten¬ 
tion  aviators  must  devote  to  any  specific  aircraft  function.  The  major  areas 
considered  include:  navigation,  communications,  flight  controls,  subsystem 
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monitoring,  target  acquisition/designaf.on,  survivability  systems,  NBC  pro¬ 
tection,  life  support  equipment,  and  controls  and  displays.  Each  of  those 
areas  is  discussed  separately  but,  in  the  final  LHX  configuration,  it  is 
essential  that  they  be  felly  integrated  to  provide  minimal  workload  for  the 
aircrew.  The  major  sources  of  information  considered  in  this  analysts 
included  the  Army  Aviation  Mission  Area  Analysis,  the  LHX  TOD,  and  the  indivi¬ 
dual  reports  submitted  for  inclusion  in  the  US  Army  Aviation  Center’s  TOA.  It 
is  assumed  that  the  detailed  design  of  the  airframe,  the  crewstation,  and  the 
controls  and  displays  will  Incorporate  all  human  engineering  principles  and 
data  regarding  the  physiological  and  mental  capabilities  and  limitations  of 
the  air  and  ground  crews  expected  to  operate,  maintain,  rearm,  and  refuel  the 
LHX. 


(2)  (U)  Navigation. 


M 


r‘  £ 


(a)  (U)  The  success  of  the  LHX  in  future  conflicts  will  be  highly 
dependent  upon  the  ability  of  the  aircrew  to  maneuver  their  aircraft  to  the 
right  place  at  the  right  time.  That  ability,  in  turn,  depends  on  being  able 
to  successfully  perform  the  task  of  navigation.  In  that  regard,  navigation 
encompasses  not  only  movement  from  one  point  on  the  battlefield  to  another  but 
the  ability  to  accurately  accumulate,  record,  use,  and  transmit  position 
information  concerning  the  threat  and  friendly  corces.  Mission  success  also 
requires  the  crew  to  maintain  an  overall  situation  awareness  of  the  rapidly 
changing  tactical  situation  around  them. 

(b)  (U)  Studies  and  evaluations  of  the  relationship  between  human 
performance  and  currently  fielded  navigation  systems  reveal  that  they  yield 
performance  less  than  that  needed  for  the  LHX.  This  le3S-than-desired 
performance  is  due,  in  part,  to  a  number  of  factors  including  loss  of  perspec¬ 
tive,  map  design,  navigation  sensor  accuracy,  and  display  designs. 

Evaluations  of  more  recently  developed  and  available  navigation  systems  indi¬ 
cate  these  systems  do  much  to  enhance  the  present  capabilities  to  navigate  and 
to  maintain  a  situational  awareness  of  the  battlefield,  but  further  improve¬ 
ments  are  needed  if  the  maximum  effectiveness  of  the  LHX  capabilities  is  to  be 
realized . 

(c)  (U)  Projected  map  displays  (PMD),  utilizing  remote  map  reader 
technology  that  takes  map  information  stored  on  film  and  projects  it  onto  a 
multifunction  display,  Improve  current  systems  by  taking  the  traditional  map 
information  out  of  the  aviator's  lap  and  placing  it  on  a  display  in  the 
Instrument  panel  of  the  aircraft.  In  tests  conducted  so  far,  an  aircrew  of 
two,  when  using  a  projected  map,  can  navigate  terrain  more  rapidly  with  fewer 
delays  and  course  disorientation  and  less  visual  attention  devoted  to  the 
navigation  task  than  previous  navigation  systems.  The  copilot/navigator  does, 
however,  still  devote  about  one-fourth  of  his  total  visual  attention  to  the 
navigation  system.  In  addition,  the  navigation  system  requires  manual 
updating  after  every  10  to  15  minutes  of  flight. 

(ci)  (U)  Digital  map  technology,  because  of  its  inherent  flexibility, 
provides  the  greatest  potential  for  mission  success  in  the  LHX.  The  digital 
map  approach  uses  as  its  source  of  information  geographic  data  produced  by  the 
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Defense  Mapping  Agency  in  a  digital  form  that  can  be  stored  in  the  memory  of 
flight  computers.  During  flight,  this  data  is  converted  back  into  a  display 
that  can  be  used  by  the  aircrew.  The  digital  map  technology  not  only  ha;,  the 
potential  to  provide  a  horizontal  display  much  like  the  PMD  but,  when  fully 
developed,  it  could  provide  a  vertical  display  as  well.  Another  advantage  of 
the  digital  map  system  is  the  capability  for  the  aircrew  to  select  the  type 
and  amount  of  information  to  be  displayed.  Because  of  their  common  tri- 
service  use  by  both  ground  and  air  forces,  current  paper  maps  and  projected 
map  displays  often  contain  more  information  than  can  be  used  by  Army  aviators. 
With  the  digitally  generated  data  base,  only  the  information  that  the  aviator 
chooses  is  presented  on  the  crewstation  display.  In  a  sense,  the  digital  map 
display  can  be  decluttered.  The  digital  map  system  also  has  the  potential  to 
automatically  calculate  and  display  the  optimal  flight  path  the  aircraft  can 
follow  to  best  avoid  the  known  threats.  The  exact  level  of  visual  attention 
and  crew  workload  required  by  the  digital  map  system  has  not  yet  been  deter¬ 
mined.  The  available  systems  are  still  in  the  simulation  evaluation  stage. 

Tt  is  speculated  that  the  visual  attention  will  be  less  than  that  of  the  PMD, 
but  it  could  still  be  relatively  high.  If  the  visual  attention  and  crew 
workload  associated  with  the  panel-mounted  digital  navigation  system 
approaches  t*.  of  the  panel-mounted  display,  additional  display  techniques 
will  be  necessary  to  enhance  the  LHX  performance,  specifically  in  a  single¬ 
crew  LHX.  While  flying  missions  at  terrain  flight  levels,  the  single 
crewmember  should  devote  as  much  visual  time  outside  the  crewstation  as 
possible.  He  can  ill  afford  to  spend  one-fourth  of  his  attention  on  the  navi¬ 
gation  task.  Navigation  information  should,  therefore,  be  provided  to  the 
aviator  in  a  manner  that  allows  him  to  keep  his  eyes  outside  the  crewstation 
during  terrain  flight.  Simulation  and  flight  tests  to  specifically  address 
the  most  effective  means  of  providing  navigation  information  to  the  aircrew, 
when  their  attention  is  focused  outside,  will  be  necessary  if  maximum  effec¬ 
tiveness  of  the  LHX  is  to  be  obtained. 

(e)  (U)  The  digital  map  data  base  also  has  the  potential  to  provide 
inputs  into  an  automatic  terrain  following  and  avoidance  system.  With  such  a 
system,  the  pilot  could  be  relieved  of  much  of  the  workload  associated  with 
the  task  of  flying.  That  technology,  unfortunately,  hes  not  yet  matured.  The 
current  digital  data  base  with  approximately  100-meter  (m)  accuracy,  along 
with  sensors  to  detect  small  objects  like  buildings,  trees,  and  wires,  require 
considerable  improvement  if  full  terrain  following  and  avoidance  are  to  be 
achieved. 

(f)  (U)  The  LHX  navigation  system  review  indicates  that,  at  a  mini¬ 
mum,  a  horizontal  situation  map-like  display  should  be  provided  that  gives  the 
aircrew  real-time  accurate,  spatial  information  concerning  their  aircraft 
position  and  the  position  of  friendly  and  threat  forces  during  day,  night,  and 
adverse  weather  conditions.  In  addition,  the  system  should  allow  the  aircrew 
to  rapidly  obtain  information  from  the  display  with  minimal  head-down  time 
inside  the  crewstation,  provide  a  means  to  automatically  update  the  position 
Information,  allow  the  user  to  annotate  the  display  with  friendly  and  threat 
Information,  and  provide  the  capability  to  rapidly  transfer  information  to 
other  members  of  the  combined  arms  team.  The  need  to  develop  methods  and 
techniques  to  allow  the  aviator  to  keep  his  attention  focused  outside  the 
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aircraft  while  navigating  is  of  particular  importance  to  the  single-crew 
aircraf-  where  the  copilot  is  no  longer  available  to  attend  to  the  navigator's 
task..  From  a  human  factors  engineering  perspective,  the  potential  of  the 
digital-based  navigation  system  appears  to  provide  the  better  choice  to  the 
LHX,  assuming  the  systems  currently  under  development  are  sufficiently  mature 
by  th*  full-scale  development  phase  of  the  LHX.  If  the  goal  for  a  single-crew 
LHX  is  to  be  accomplished,  a  high  priority  must  be  placed  on  the  improvement 
of  navigation  sensor  accuracy,  the  availability  and  accuracy  of  digital  data 
base  information,  and  improved  methods  for  displaying  navigation  information 
to  the  aircrew. 

(g)  (U)  Any  candidate  navigation  system  for  the  LHX  should  be  con¬ 

sidered  in  terms  of  the  system  workload  demand.  Navigation  systems  typically 
demand  to  be  fed  information  during  system  start-up  and  alignment,  flight 
planning,  sensor  updating,  and  en  route  waypoint  entry.  Currently  fielded 
systems  require  from  5  to  20  minutes  to  load  data  through  a  keyboard  during 
the  pre-takeoff  phase  of  the  mission.  Updating  the  navigation  system  accuracy 
is  required  on  a  frequent  basis  during  the  mission,  and  the  crew  must  spend 
valuable  time  telling  the  navigation  system  its  present  position  so  that  it 
can  then  tell  the  crew  their  present  position  for  the  next  few  minutes.  Data 
loading  should  be  achievable  in  the  aircraft  without  using  a  keyboard  and 
should  not  require  more  than  a  few  minutes.  System  updating  should  be  infre¬ 
quently  required  and  should  be  easily  accomplished.  The  navigation  system 
should  support  the  pilot  in  the  performance  of  his  mission  and  should  minimize 
the  demand  on  his  time  and  attention. 

(3)  (U)  Nuclear,  biological,  and  chemical  (NBC)  defense. 

(a)  (U)  Army  aviation  can  expect  to  encounter  NBC  threat  weapons 
during  future  conflicts.  The  Soviet  Union  and  Soviet-backed  forces  have  the 
capability  of  employing  a  vast  array  of  such  weapons  and  the  capability  to 
protect  their  own  troops  during  such  an  attack.  The  LHX  must  incorporate 
design  features  that  can  successfully  counter  that  threat.  Analyses  of  NBC 
defensive  measures  have  highlighted  three  basic  approaches  that  can  be  used  to 
protect  the  aircrew  from  the  threat:  contamination  avoidance,  collective  pro¬ 
tection,  and  individual  protection. 

(b)  (U)  The  most  effective  means  to  prevent  casualties  and  protect 
the  aircraft  from  the  NEC  threat  is  perhaps  avoiding  the  threat  completely. 
Although  contamination  avoidance  may  not  be  used  in  all  cases,  it  is  an 
available  tactical  measure  for  the  commander  in  the  field  when  the  situation 
permits.  The  option  of  contamination  avoidance  will  be  successful  only  if 
aviation  units  are  provided  a  reliable  means  to  determine  if  an  attack  is 
imminent  or  has  occurred.  The  ideal  situation  would  be  the  identification  of 
contaminated  areas  at  some  standoff  distance  from  the  aircraft,  Demote 
standoff  detection  devices  are  required  for  the  LHX  to  fully  exercise  the 
option  of  contamination  avoidance.  Detectors  ir.  the  inventory  are  of  the 
point  sampling  type  normally  used  on  the  ground.  As  such,  they  must  be  placed 
in  che  contaminated  area  to  detect  the  contamination.  Preliminary  flight 
testing  has  indicated  that  it  is  possible  to  modify  some  of  those  systems  for 
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flight  use.  Standoff  detectors,  on  the  other  hand,  are  in  the  early  develop¬ 
ment  phase.  If  a  standoff  detection  capability  is  to  be  achievable  for  the 
initial  fielding  of  the  LHX,  those  programs  need  to  be  given  a  priority  equal 
to  the  LHX  program.  Contamination  avoidance  is  a  tactical  measure  that  can  be 
advantageously  used  when  the  combat  situation  permits,  but  it  does  not  provide 
a  complete  solution  to  the  NBC  threat. 

(c)  (U)  Collective  protection,  provided  to  the  aircrew  by  way  of  an 
LHX  that  is  completely  sealed  and  pressurized  to  prevent  contaminated  agents 
from  entering  the  aircraft,  would  also  provide  a  considerable  tactical  advan¬ 
tage.  Collective  protection  would  allow  personnel  to  operate  in  normal  flight 
clothing,  thereby  overcoming  the  performance  decrements  imposed  by  protective 
clothing.  In  addition,  collective  protection  would  also  protect  the  aircraft 
avionics,  aircraft  materials,  and  other  equipment  or  systems  inside  the 
aircraft  from  destructive  agents.  The  need  for  decontamination  of  the 
interior  of  the  aircraft  would  also  be  reduced.  Collective  protection, 
however,  cannot  assure  total  survival  of  the  LHX  on  the  battlefield.  Full 
protection  could  be  lost  in  the  event  of  damage  by  enemy  fire  that  breaks  the 
integrity  of  the  sealed  aircraft  or  when  it  is  necessary  for  the  aircrew  or 
passengers  to  enter  or  exit  the  aircraft  in  a  contaminated  area.  Collective 
protection  alone  is  also  not  the  solution. 

(d)  (U)  Current  protective  clothing  that  encapsulates  the  Individual 
in  an  NBC  protective  suit  and  mask  provides  a  life-saving  capability,  while 
allowing  the  individual  to  continue  to  operate  on  the  battlefield  but  at  a 
considerably  reduced  level  of  effectiveness.  The  protective  clothing  and 
masks  introduce  problems  associated  with  degraded  crew  performance  like  heat 
stress  in  hot  climates,  restricted  aviator  movements,  a  lack  of  manual  dex¬ 
terity  and  sensitivity  of  touch,  a  restricted  FOV,  reduced  visual  capabili¬ 
ties,  increased  aviator  workload,  and  fatigue.  All  these  factors  combine  to 
create  a  large  decrement  in  crew  performance.  Individual  protection  much  like 
collective  protection  and  contamination  avoidance  allows  the  aircrew  to  con-, 
tinue  the  battle  but,,  alone,  is  not  che  optimal  way  to  meet  the  NBC  threat. 

(e)  (U)  The  most  viable  solution  for  the  LHX  appears  to  be  a  hybrid 
collective  protection  system  that  maximizes  the  advantages  of  all  three 
approaches:  contamination  avoidance,  collective  protection,  and  individual 
protection.  Such  a  system  could  allow  the  aircrew  to  operate  in  a  pressurized 
aircraft,  partially  clothed  In  NBC  gear  under  normal  or  routine  conditions. 

The  contaminated  area  could  be  avoided  when  onboard  detectors  warn  of  its 
existence  ahead  of  time  and  the  battle  conditions  allow  the  commander  to 
exercise  this  option.  When  approaching  a  known  contaminated  area  or  when  the 
aircraft  detectors  indicate  the  aircraft  Is  in  a  contaminated  area,  the  full 
NBC  protective  measures  could  be  taken.  This  approach  would  allow  for  maximum 
crew  effectiveness  to  be  obtained  when  not  in  a  contaminated  area,  as  well  as 
assure  protection  to  the  aircrew  when  in  a  contaminated  area.  The  technology 
to  do  this  appears  to  be  available  well  within  the  LHX  development  time  frame. 

(f)  (U)  To  take  full  advantage  of  this  concept,  NBC  agent  detectors 
should  be  located  both  inside  and  outside  the  aircraft.  The  aircrew  would 
then  be  able  to  determine  when  they  are  in  a  contaminated  area  and  whether  the 
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contamination  has  penetrated  the  crewstation.  A  remote  standoff  detectio.. 
capability  should  be  added,  when  available,  to  avoid  the  contamination 
completely.  A  sufficient  cooling  capability  must  also  be  incorporated  into 
the  crewstation  to  prevent  aviator  heat  stress  in  hot  environments.  The  use 
of  aircraft  environmental  control  systems,  in  conjunction  with  microclimate 
cooling  vests  worn  by  the  aviator,  appears  to  meet  this  need. 

(g)  (U)  In  addition  to  the  hybrid  system  and  cooling  provisions,  the 

crewstation  configuration  and  the  design  of  the  controls  ana  displays  should 
provide  adequate  room  and  space  for  the  aviators  to  operate  the  LHX  when  fully 
dressed  in  NBC  clothing  and  other  life  support  equipment. 

(4)  (U)  Flight  control. 

(a)  (U)  The  helicopter  is  basically  an  unstable,  vibrating  platform 
suspended  in  space  by  a  spinning  rotor  blade.  The  task  of  the  aviators  when 
flying  such  a  system  is  twofold.  First,  the  aviators  must  fly  the  aircraft 
from  one  location  to  another;  second,  they  must  maneuver  the  helicopter  into  a 
position  so  that  they  can  effectively  complete  their  combat  mission  and  defeat 
the  enemy.  To  accomplish  that  task,  the  helicopter  itself  must  be  extremely 
agile  and  maneuverable.  The  flight  controls  of  current  Army  helicopters  con¬ 
sist  of  three  separate  control  levers  that  control  mechanical  systems  with 
hydraulic  boost.  Two  of  the  cont:ol  levers  require  manipulation  by  the 
aviator's  hands  while  the  third  is  moved  by  the  aviator's  feet.  A  review  of 
the  evaluations  concerning  manual  control  and  workload  suggests  that,  even 
under  the  most  favorable  conditions,  a  large  percentage  of  the  pilot's  atten¬ 
tion  Is  required  for  manual  control  of  the  helicopter.  That  effort  is  par¬ 
ticularly  demanding  during  mission  conditions  involving  poor  visibility, 
variable  winds,  and  terrain  flight  where  the  aircrew  Is  continuously 
maneuvering  around  trees  and  obstacles.  At  a  minimum,  the  LHX  should  provide 
some  level  of  automatic  control  and  stability  augmentation  to  assist  the 
aviator  and  reduce  the  amount  of  attention,  control  movement  requirements,  and 
workload  *mposed  on  the  aircrew.  The  less  attention  the  pilot  must  devote  to 
the  task  of  controlling  the  aircraft,  the  more  time  he  will  have  to  perform 
other  operational  functions,  thus  enhancing  the  probability  of  mission 
accomplishment.  This  is  specifically  important  during  terrain  flight  where 
the  fatigue  factor  is  1.3  times  higher  than  during  normal  flight. 

(b)  (U)  Another  aspect  of  crew  workload  associated  with  flight 
controls  is  the  physical  interface  between  those  controls  and  the  human 
operator.  Aviators  in  today's  Army  come  in  all  sizes  and  shapes.  It  is 
difficult  to  design  a  crewstation  that  will  properly  accommodate  all  of  these. 
If  the  crewstation  is  not  optimally  designed,  the  adverse  effects  on  the  human 
will  degrade  operator  performance.  Investigations  directed  toward  the 
evaluation  of  aircrew  anthropometeric  dimensions  and  crewstation  configura¬ 
tions  have  pointed  out  that  in  current  helicopters  the  crewstation  internal 
space,  in  combination  with  the  fixed  cyclic  control  position,  does  have  an 
adverse  effect  on  the  aviator.  To  reach  the  cyclic  control  grip  while 
simultaneously  resting  the* r  arm  on  their  leg,  a  number  of  aviators  are 
required  to  assume  an  exaggerated  forward  "slouched"  position.  That  position 
places  a  curvature  in  the  human  spine  that  is  susceptible  to  vibrational 
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stress  and  fatigue  during  normal  flight,  resulting  In  back  problems  for  the 
aviator.  The  "slouched"  position  also  increases  the  probability  of  back 
Injury  during  a  crash.  In  addition,  the  forward  "slouch"  position  tends  to 
restrict  the  aviator’s  forward  vision  outside  the  aircraft  and  to  shift  his 
eye  position  away  from  the  optimal  design  eye  position  used  for  reference  when 
determining  the  placement  of  controls  and  displays  in  the  crewstation. 

(c)  (U)  Aircrew  protective  gear  and  life  support  equipment  also 
create  an  interface  problem  with  current  aircraft  controls.  Larger  aviators, 
wearing  full  NBC  gear  and  body  armor,  often  restrict  the  full  movement  of 
aircraft  controls.  The  situation  can  be  partially  relieved  through  a  better 
seat  and  aircraft  control  position  relationship.  Improved  adjustments  on  both 
the  seat  and  the  control  levers  in  both  the  horizontal  and  vertical  planes 
would  be  one  way  to  reduce  the  need  for  the  aviators  to  "slouch"  when  flying. 

(d)  (U)  A  second  solution  would  be  to  remove  the  position 
constraints  imposed  on  the  aviator  with  current  type  aircraft  controls 
(cyclic,  collective,  pedals)  by  replacing  them  with  a  single  "side-arm 
controller"  that  could  be  operated  with  one  hand.  One  such  system,  the 
advanced  digital/optical  control  system  (ADOCS),  Is  undergoing  development. 
From  a  human  factors  perspective,  the  "side-arm  controller"  has  a  number  of 
advantages.  First  of  all,  the  aviators  should  no  longer  need  to  "slouch"  for¬ 
ward  in  the  crew  seat  to  reach  the  flight  controls.  Second,  the  aircrew 
should  be  afforded  more  freedom  to  position  their  bodies  In  a  more  comfortable 
position  in  the  aircraft.  Third,  the  relocation  of  the  cyclic  control  func¬ 
tion  from  in  front  of  the  aviator  would  remove  one  of  the  visual  restrictions 
between  the  aviator  and  his  instrument  panel.  The  relocation  of  the  collec¬ 
tive  control  head  would  also  remove  the  visual  restriction  between  the  pilot 
and  the  avionics  control  panels  in  the  center  console.  The  increased, 
unrestricted  FOV  not  only  enhances  the  aircrew’s  capabilities  but  allows  the 
crewstation  designer  more  freedom  in  which  to  place  displays  in  the 
crewstation. 

(e)  (U)  From  a  handling  qualities  point  of  view,  the  use  of 
fly-by-light  and  likewise  fly-by-wire  concepts  should  afford  more  flexibility 
to  design  the  aircraft  control  system  in  such  a  manner  that  aviator  workload 
and  attention  devoted  to  the  flying  task  are  reduced.  With  such  a  system, 
control  gains  and  transfer  functions  could  be  tailored  to  provide  the  best 
controllability  for  various  maneuvers.  Such  tailoring  could  be  selected  by 
the  pilot  or  perhaps  automatically  by  sensing  appropriate  aircraft  state 
variables  or  operator  inputs.  It  would  also  provide  an  avenue  whereby  Infor¬ 
mation  from  other  aircraft  system  sensors  could  be  inserted  into  the  control 
loop  for  increased  automation  of  the  flight  control  function. 

(f)  (U)  Flight  control  and  maneuvering  of  the  aircraft  is  an 
attenl .on-consuming  task  for  the  pilot  during  flight  when  well  above  the 
terrain.  Terrain  flight  '-own  among  the  trees  and  obstacles  is  much  more 
demanding.  Based  on  studies  of  current  helicopters,  the  pilot  of  a  two-crew 
aircraft  must  devote  most  of  his  attention  to  the  flight  control  tasks, 
leaving  other  tasks  like  navigation  and  communications  to  the  copilot. 
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(g)  (!!)  With  expanded  missions  and  the  advanced  capabilities 

expected  in  the  LHX,  it  would  be  advantageous  to  the  overall  success  of  the 
mission  if  the  pilot  of  the  aircraft  could  spend  less  attention  on  the  flight 
control  task  and  more  attention  on  other  combat  functions.  From  the  human 
factors  point  of  view,  it  appears  to  be  a  minimum  requirement  when  considering 
a  single-crew  LHX.  From  the  limited  testing  conducted  so  far,  the  evidence 
indicates  the  fly-by-light  and/or  fiy-by-wire  concept  of  flight  control  has 
the  potential  to  relieve  the  pilot  from  some  of  the  flight  control  effort. 

That  potential  for  improved  handling  qualities,  automatic  stabilization,  and 
flight  of  the  aircraft  should  be  pursued.  The  use  of  a  side-arm  controller  to 
replace  the  three  separate  controls  now  found  in  helicopters  also  has  some 
advantages  with  respect  to  the  reduction  of  stress  and  fatigue  caused  by  the 
aviator's  “slouched”  position,  the  removal  of  visual  restrictions  between  the 
aviator  and  the  controls  and  displays,  and  the  increased  flexibility  afforded 
the  crewstation  designer  regarding  the  placement  of  displays.  In  addition, 
the  integration  of  the  control  functions  into  less  than  three  separate 
controllers  should  relieve  the  pilot  from  having  both  hands  and  feet  simulta¬ 
neously  occupied  in  flying  the  aircraft.  The  question  concerning  how  many  of 
the  three  control  functions  should  be  placed  on  a  single  side-arm  controller 
remains  unanswered.  Although  the  aviator's  physical  workload  may  be  less 
under  the  side-arm  controller  concept,  the  cognitive  and  mental  workload 
associated  with  that  task  may  very  well  be  increased.  Additional  investiga¬ 
tion  through  simulation  and  flight  testing  are  needed  to  address  that  concern. 

(5)  (U)  System  status  monitoring. 

(a)  (U)  The  monitoring  of  the  health  and  status  of  various  aircraft 
systems  (engine,  t  ansmission,  electrical  system,  hydraulics,  fuel  flow)  is 
considered  to  be  an  essential  task  to  assure  safe  flight.  In  today's 
aircraft,  that  information  is  displayed  in  the  crewstation,  on  the  instrument 
panel  and  center  console,  through  the  use  of  as  many  as  14  round  dials  and 
gauges  for  quantitative  information,  supplemented  by  over  20  discrete  lights 
and  audio  tones. 

(b)  (U)  Quantitative  information  is  displayed  when  the  conditions 
involved  are  dynamic  and  require  continuous  monitoring.  Examples  of  this  type 
of  information  would  include  the  amount  of  fuel  left  in  the  aircraft  fuel 
tanks,  engine  pressures  or  temperatures,  and  electrical  system  voltage  levels. 
Continuously  displayed  quantitative  data  provides  the  aviator  with  trend 
information  concerning  the  parameters  monitored.  Trend  information  Is 
important  to  the  aircrew  because  It  permits  them  to  assess  the  overall  system 
status,  detect  impending  adverse  conditions,  evaluate  how  rapidly  the  adverse 
condition  is  progressing,  and  take  action  to  stop  or  reverse  the  trend. 

(c)  (U)  Discrete  information  displays  are  the  type  that  provide 
binary  Information  that  indicates  if  the  state  of  the  system  monitored  Is 
good  or  bad.  The  master  caution  light  is  a  good  example  of  that  type  of 
display.  When  the  light  is  not  on,  it  indicates  the  systems  monitored  are 
operating  within  a  "safe"  condition.  When  the  light  is  on,  it  indicates  a 
problem  that  requires  the  aviator's  attention.  It  does  not  provide  quan¬ 
titative  or  trend  information. 
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(d)  (U)  Both  the  quantitative  and  discrete  displays  convey  needed 
information,  but  there  is  some  concern  as  to  how  well  that  information  is 
detected  and  used  by  the  aircrew.  Several  studies  have  shown  that,  during 
terrain  flight,  the  attention  of  each  member  of  a  two-man  aircrew  is  virtually 
consumed  by  the  tasks  of  flight  control,  terrain  and  obstacle  avoidance,  and 
navigation.  Less  than  10  percent  of  their  time  is  devoted  to  monitoring 
other  flight  instruments,  communication  controls,  and  system  status  displays. 
Add  to  this  the  tasks  of  observing  enemy  movements,  target  detection,  and  com¬ 
bat  communications,  and  the  time  available  for  monitoring  system  status 
displays  will  be  further  decreased.  Flying  at  night  will  compound  the 
problem.  During  the  heat  of  battle,  the  aircrew  cannot  afford  the  time 
required  to  monitor  the  aircraft  system  status;  on  the  other  hand,  if  that 
task  is  not  accomplished,  could  lead  to  disastrous  results. 

(e)  (U)  The  timely  acquisition  of  both  quantitative  and  discrete 
system  status  information  and  the  decisions  based  on  that  information  are 
important  to  the  LHX  survivability.  How  well  that  is  accomplished  io 
dependent  on  the  information  being  available  and  the  aircrew  having  sufficient 
time  to  monitor  the  displays  to  obtain  the  information  quickly.  This  presents 
a  considerable  challenge  in  a  two-crew  aircraft  where  one  crewmember  may  be 
able  to  devote  some  of  his  time  to  monitoring  the  system  status.  In  a  single¬ 
crew  LHX,  the  need  to  relieve  the  aviator  of  this  task  is  more  critical. 

(f)  (U)  The  data  related  to  the  status  or  condition  of  aircraft  sub¬ 
systems  is  demand-type  information.  Aviators  require  that  type  of  information 
to  assure  them  that  the  aircraft  systems  are  operating  properly  and  to  warn  of 
a  possible  impending  failure.  Under  normal  operating  conditions,  some  status 
information  is  not  necessarily  needed  except  to  build  the  aviator's  con¬ 
fidence.  The  demand  for  system  status  information  becomes  critical  when  the 
systems  being  monitored  are  not  operating  well  and  could  result  In  degrading 
of  the  mission  or  losing  the  aircraft. 

(g)  (U)  Considering  the  limited  time  available  for  system  status 
monitoring  and  the  type  instruments  used  in  most  fielded  aircraft,  it  is  very 
probable  that  the  aircrew  may  not  detect  a  rapidly  developing  out-of-tolerance 
condition  when  flying  NOE.  First  of  all,  NOE  flying  requires  that  most  of  the 
crew's  attention  be  focused  outside  the  cockpit.  Second,  humans  by  nature  are 
not  good  monitors  of  relatively  slow-changing  displayed  information.  Aviators 
tend  to  rapidly  scan  such  displays  but  do  not  always  obtain  the  necessary 
information  from  them.  During  a  5-day  aviator  fatigue  study  in  a  UH-1  simula¬ 
tor,  it  took  the  flight  crew  from  a  few  seconds  to  20  minutes  to  notice  the 
engine  oil  temperature  had  reached  a  point  well  above  the  red  line.  Another 
aspect  of  the  problem  with  system-monitoring  displays  is  the  large  amount  of 
panel  space  required  for  those  devices.  The  system-monitoring  displays  occupy 
a  disproportionate  amount  of  panel  space  compared  to  the  amount  of  time  the 
pilot  views  these  displays. 

(h)  (U)  The  ideal  aircraft  system  status-monitoring  system  should  be 
one  that  is  capable  of  sensing  a  changing  trend  in  system  status,  determining 
if  that  trend  13  within  or  approaching  tolerance  limits,  and  then  warning  the 
crewmembers  when  the  system  status  is  approaching  an  adverse  condition  that 
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requires  their  attention.  The  aircrew  can  then  assess  the  problem  and  imple¬ 
ment  corrective  procedures  when  needed.  From  a  human  factors  engineering 
perspective-,  system  status  monitoring  is  a  prime  candidate  for  automation. 
Konitoring  is  a  task  that  humans  do  not  do  well,  while  computers  can  perform 
that  task  extremely  well. 

(i)  (U)  The  concept  of  system  status  management  by  exception  is 
quite  appropriate  for  the  LHX.  A  computerized  monitoring  system  could  main¬ 
tain  constant  vigilance,  perform  trend  analysis,  diagnose  abnormalities,  and 
provide  the  aviator  with  the  information  he  requires  or  desires.  If  the 
systems  are  functioning  within  tolerance  limits,  the  aircrew  need  not  be  pro¬ 
vided  any  information  unless  they  specifically  ask  for  it.  When  a  condition 
demanding  the  aviator’s  attention  arises,  critical  information  the  aircrew 
needs  for  that  particular  situation  cou:  J  be  provided  on  the  crewstation 
displays. 

(j)  (U)  A  concern  from  the  human  factor*  engineering  standpoint  is 
the  implementation  of  the  concept.  In  order  for  the  raanageraent-by-exceptlon 
system  status-monitoring  system  to  be  successful  on  the  battlefield,  much 
attention  must  be  devoted  to  determining  what  needs  to  be  monitored,  the 
tolerance  limits  of  the  various  systems  to  b'  monitored,  the  level  or  depth  to 
which  the  computer  should  diagnose  the  data  received,  and  when  and  how  to 
display  the  information  to  the  aircrew.  The  recommendation  for  the  LHX  is  to 
incorporate  the  managcment-by-exception  system  status-monitoring  concept  into 
that  aircraft.  Prior  to  incorporating  such  a  system,  specific  tests  and 
evaluations  should  be  conducted  to  answer  the  concerns  above  and  to  assure  the 
concept  will,  in  fact,  reduce  crewstation  workload. 

(6)  (U)  Communication. 

(a)  (U)  Effective  and  accurate  communications  are  also  critical  to 
the  successful  completion  of  LHX  combat  missions.  This  is  especially  true  for 
the  SCAT  version.  The  LhX  crew  must  be  able  to  effectively  communicate  with  a 
large  number  of  friendly  forces.  The  Army  21  concept  dictates  a  greater  need 
fer  improved  communications  with  an  Increasing  number  of  other  members  of  the 
combined  arms  team  than  did  past  conflicts.  To  meet  this  need,  additional 
radios  have  been  placed  in  aircraft  crewstations.  Lach  new  addition  increases 
the  crewstation  workload  by  Increasing  the  number  of  controls  and  displays  the 
aircrew  must  operate  and  monitor. 

(b)  (U)  The  impact  that  the  addition  of  individually  dedicated  radio 
control  display  heads  has  on  the  aircraft  cockpit  is  best  described  by  the 
results  of  the  "Advanced  Scout  Helicopter  Man-Machine  Interface  (MMI) 
Investigation."  That  evaluation  consisted  of  a  review  of  the  literature 
supplemented  by  studies  conducted  in  a  crewstation  mockup  using  standard  com¬ 
munication  systems.  The  results  of  that  evaluation  suggest  that  56  percent  of 
the  aircrew  mission  time  involves  some  type  of  communications  distributed 
across  a  variety  of  radios.  If  the  LHX  aviators  are  to  be  effective  on  the 
moQern  battlefield,  the  overall  time  devoted  to  communications  needs  to  be 
reduced . 


R-51 


UNCLASSIFIED 


UNCLASSIFIED 


(c)  (U)  One  method  of  reducing  the  workload  associated  with  the  com¬ 
munication  task  is  to  integrate  the  various  radio  controls  into  one  panel. 

Such  an  integrated  avionics  control  system  (1ACS)  was  developed  through  the 
Army  Avionics  Research  and  Development  Activity.  A  similar  system  is  utilized 
in  the  OH-58D  helicopter.  In  these  systems,  the  aviator  uses  an  alphanumeric 
data  entry  keyboard  along  with  various  switches  to  select  a  number  of  radio 
functions  displayed  on  an  electronic  display.  These  include  selection  of  the 
type  of  radio  and  the  specific  frequency  desired.  In  addition,  the  system  can 
be  used  to  control  aircraft  navigation  equipment. 

(d)  (U)  Evaluations  of  the  IACS  indicate  that  the  time  required  to 
access  a  specific  radio  frequency  when  using  preset  frequencies  was  13  percent 
less  than  with  standard  control  heads.  When  used  in  the  manual  mode,  the  IACS 
was  no  more  advantageous  with  respect  to  crew  workload  than  the  conventional 
method.  The  integrated  system  does,  however,  provide  a  definite  reduction  in 
the  crewstation  space  occupied  by  radio  control  heads  and  concentrates  the 
display  information  in  a  central  location. 

(e)  (U)  The  evaluations  conducted  so  far  with  the  0H-58D  indicate 
the  control  of  the  communication  system  through  a  multifunction  keyboard  is 
advantageous  but  that  approach  will  require  additional  Jmprovements  if  it  Is 
to  be  a  viable  option  for  the  LHX  single-crew  aircraft.  For  example,  the 
system  requires  considerable  time  to  manually  load  initial  data  into  the 
system  during  preflight.  During  flight,  the  communication  task  requires 
progressing  through  a  number  of  computer-displayed  pages  to  communicate  and 
send  target  information  to  other  aircraft  and  the  ground.  In  a  two-man 
aircraft,  the  second  crewmember  can  help  with  this  task;  in  a  single-crew  LHX, 
a  less  workload-intensive  system  will  he  a  necessity. 

(f)  (U)  Another  important  factor  related  to  the  efficiency  of  com¬ 
municating  between  aircraft  and  with  ground  forces  is  the  communication 
electronics  operation  instructions  (CEOI).  The  CEDls  are  classified  documents 
that  provide  the  aircrew  with  a  complete  listing  of  frequencies,  call  signs, 
and  other  critical  communications  data  concerning  friendly  forces  within  their 
operational  area.  The  CEOIs  are  updated  every  24  hours  with  more  frequent 
changes  if  the  system  is  suspected  of  being  compromised  by  enemy  action.  The 
CEOIs  are  rather  large  and  bulky  documents.  Aviators  must  thumb  through  many 
pages  of  the  document  to  find  the  specific  frequency  and  call  signs  assigned 
to  the  unit  they  wish  to  contact.  The  use  of  CEOIs  can  consume  as  much  of  the 
communication  task  time  as  the  tuning  of  the  radios.  One  method  of  reducing 
the  workload  associated  with  CEOIs,  as  well  as  the  entry  of  other  communica¬ 
tion  and  navigation  information  into  the  LHX  during  preflight,  would  be  the 
provision  of  a  bulk-loading  device  similar  to  an  audio  tape  or  disk  that  could 
transfer  pretaped  data  into  the  LHX  system  computers  within  a  few  minutes. 

(g)  (U)  Still  another  communication  human  factors  area  that  must  be 
considered  for  the  LHX  is  speech  intelligibility.  Some  of  the  information 
communicated  by  voice  in  today's  aircraft  is  lost  in  the  noise  levels  found 
within  the  communication  equipment  itself.  Failure  to  transmit  or  the  need  to 
repeat  information  that  one  is  trying  to  communicate  easily  results  in  a  loss 
of  information  or  delays  that  could  have  an  adverse  Impact  on  the  battle.  The 
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LHX  communicat ion  systems  must  provide  a  less  noisy  environment  and  greater 
speech  intelligibility  in  the  overall  communication  system.  The  technologies 
available  for  incorporation  into  the  LHX  appear  to  be  capable  of  accomplishing 
that  goal.  The  use  of  improved  sound-canceling  microphones,  more  acoustically 
efficient  earcups,  and  control  system  noise  suppression  techniques  would  do 
much  to  improve  the  situation. 

(h)  (U)  Another  aspect  of  communication  workload  that  requires 

attention  is  the  transfer  of  targeting  information  to  other  aircraft  or  ground 
forces.  In  the  current  aircraft,  most  of  the  information  is  transferred  by 
voice  communications.  The  copilot  or  observer  often  handles  that  task.  The 
results  obtained  so  far  through  operational  and  developmental  testing  indicate 
that  the  airborne  target  handoff  system  (ATHS)  has  the  capability  to  transmit 
a  large  volume  of  data  in  a  short  period  of  time,  but  one  member  of  the  dual¬ 
crew  aircraft  must  devote  considerable  time  to  entering  information  into  the 
system.  The  ATHS  needs  to  become  more  automatic  if  used  in  the  single-crew 
LHX . 


(1)  (U)  From  a  human  factors  viewpoint,  the  crew  workload  and 

information  transfer  accuracy  of  communication  systems  for  the  LHX  must  be 
improved  considerably  over  current  systems.  The  LHX  should  use  an  integrated 
communication  control  system  in  which  all  radios  and  navigation  systems  can  be 
controlled  from  a  single  device.  The  task  of  entering  data  into  the  aircraft 
computer  system,  including  a  full  CEOI,  should  be  automated  in  a  user  fri  ndly 
way.  The  integrated  communication  display/controls  must  be  designed  to  unbur¬ 
den  the  crew  from  the  need  to  process  through  a  large  number  of  computer  pa >es 
when  desiring  to  transmit  information.  The  noise  levels  in  the  system  must  be 
reduced  and  speech  intelligibility  must  be  increased  to  allow  for  a  high 
probability  that  a  message  can  be  transmitted  accurately  the  first  time  it  is 
attempted.  Automatic  target  handoff  capabilities  should  be  provided  in  which 
the  information  is  gathered  and  transmitted  with  little  crew  interaction. 

(7)  (U)  Survivability. 

(a)  (U)  ASE  will  be  an  important  factor  in  the  success  of  the  LHX. 

The  threat  possesses  a  formidable  array  of  ground  and  airborne  systems  that 
can  be  used  against  Army  aircraft,  including  the  individual  soldier’s  hand¬ 
held  weapons,  radar  and  optically  guided  missiles,  heat-peeking  sensors,  ECM, 
attack  helicopters,  end  fixed  wing  aircraft.  The  primary  defense  against  many 
of  those  weapons  will  be  threat  avoidance.  When  complete  avoidance  is  not 
possible  and  the  LHX  is  detected,  the  next  defense  is  to  prevent  the  threat 
weapon  from  reaching  the  aircraft  by  using  evasive  maneuvers  or  counter¬ 
measures.  The  defensive  techniques  and  methods  for  survivability  are  as 
varied  and  as  numerous  as  the  threat  they  are  expected  to  encounter. 
Countermeasure  aids  fall  into  two  major  categories:  detection  and  jamming/ 
decoys.  A  capability  should  be  available  in  the  LHX  time  frame  for  detecting 
threat  systems  expected  to  be  encountered  on  the  battlefield  of  the  future. 
Jammers  should  likewise  be  available  for  radar,  lasers,  and  IR  systems. 

Flares  and  decoys  are  also  expected  to  be  part  of  the  LHX  defensive  system. 
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(b)  (U)  The  detailed  capabilities  of  each  of  those  systems  are 
covered  elsewhere  in  the  TOA.  The  concerns  from  the  human  factors  standpoint 
are  the  ability  of  the  aircrew  to  react  to  these  devices  and  to  take  the 
appropriate  corrective  action  to  avoid  becoming  a  casualty. 

(c)  (U)  The  first  area  to  consider  is  complete  avoidance  of  the 
threat.  To  accomplish  this,  the  aircrew  requires  information  concerning  the 
threat  type  and  location.  Some  of  the  information  will  hopefully  be  provided 
to  the  aircrew  before  starting  the  mission.  Provisions  for  entering  known 
threats  into  the  LHX  computer  memory  and  the  display  of  those  threats  on  a 
situation  awareness  display,  along  with  geographic  location  information,  must 
be  available  to  the  aircrew.  The  aircrew  can  then  plan  their  flight  course 
around  those  threats.  Provisions  should  also  be  made  to  update  that  infor¬ 
mation  during  flight  through  information  automatically  provided  from  other 
aircraft  or  ground  systems,  the  onboard  sensors,  and  manually  by  the  aircrew. 
ASE  detectors  and  countermeasures  mu3t  be  kept  to  a  minimum.  For  the  LHX  to 
react  rapidly  to  the  threat,  the  automation  of  some  countermeasures  should  be 
considered.  The  pilot  should,  however,  have  an  override  capability  that 
allows  him  to  control  the  ASE  when  automatic  activation  nay  be  a  disadvantage. 
For  example,  tlie  LHX  will  only  be  able  to  carry  a  limited  quantity  of  chaff 
and  decoys.  To  conserve  these  resources,  the  crew  should  decide  when  and 
where  to  use  them.  A  fully  automatic  system  may  dispense  them  too  rapidly  and 
at  a  less  than  optimal  timn. 

(d)  <U)  The  LHX  will  operate  in  a  highly  lethal  environment  of  com¬ 
bined  air  and  ground  threats.  The  aircrew  must,  therefore,  be  provided  with 
effective  threat  detection  and  countermeasures  30  the  LHX  cannot  only  survive 
on  the  battlefield,  but  stay  and  fight.  These  3ysttms  should  provide  a  capa¬ 
bility  to  detect  and  counter  threats  located  completely  around  the  aircraft, 
as  well  as  below  and  above  it.  Current  ASE  does  not  always  provide  that  full 
capability.  For  example,  an  air  threat  behind  the  LHX,  when  not  radiating  a 
detectable  signal,  may  not  be  detected  by  the  aircrew  engaged  in  battle.  ASE 
significantly  enhances  the  chances  for  both  the  aircraft  and  crew  eurviv- 
abllity  and  mission  success. 

(e)  (U)  ASE  hardware  and  software  developments  appear  to  have  kept 
pace  with  most  of  the  threat  but  through  dedicated  Individual  systems.  The 
integration  of  the  ASE  for  simplistic  presentation  to  the  aircrew,  in  a 
prioritized  format,  is  essential  for  a  single-crew  aircraft.  It  is  recom¬ 
mended  that  an  analysis  be  conducted  to  determine  the  degree  of  integration 
necessary  and  to  determine  the  most  effective  method  for  information  presen¬ 
tation,  how  it  should  be  displayed,  and  when  it  should  be  displayed.  In  addi¬ 
tion,  ASE  countermeasures  should  be  considered  for  autoaation. 

(8)  (U)  Target  acquisition/designation. 

(a)  (U)  One  of  the  most  important  combat  functions  of  the  SCAT  ver¬ 

sion  of  the  light  helicopter  fleet  is  target  acquisition  and  engagement.  A 
high  level  of  automation  must  be  incorporated  into  the  LHX  to  allow  the  SCAT 
to  accomplish  that  function.  Advanced  technology  must  be  fully  integrated 
into  the  crewstation  to  maintain  the  crew  workload  at  a  manageable  level  that 
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will  permit  mission  success.  The  current  capabilities  of  target  acquisition 
and  engagement  systems  in  Army  aircraft  are  reflected  in  the  AH-1  Cobra  and 
AH-64  Apache  attack  helicopters.  Those  systems  were  designed  to  perform  the 
target  acquisition  and  engagement  function  in  the  air-to-ground  role.  During 
the  attack  mission,  the  pilot  of  those  two-crew  aircraft  flies  the  aircraft 
and  maneuvers  it  into  the  proper  position  to  engage  the  enemy.  The  targeting 
function  is  assigned  to  the  copilot/gunner  who  is  totally  occupied  with  the 
target  acquisition  and  engagement  task.  The  workload  of  both  crewmembers 
during  the  attack  mission  is  relatively  high.  The  single-crew  LHX  will  only 
become  a  reality  if  major  technology  advances  are  available  to  reduce  the 
workload  level  of  the  two  crewmembers  down  to  a  level  that  can  be  handled  by 
one. 

(b)  (U)  The  sensors  that  are  available  in  the  Apache  attack  heli¬ 
copters  include  direct  view  optics  (DVO),  day  television  systems  (DTV),  and  a 
forward-looking  infrared  (FLIR)  system.  The  WO  and  television  systems  are 
used  mainly  during  the  day.  The  FLIR  system  is  useful  during  periods  of 
reduced  visibility  and  at  night.  The  target  acquisition  and  designation 
systems  in  the  Apache  directly  place  the  sensor  data  and  aircraft  weapon 
Information  on  both  the  pilot's  and  copilot/gunner 's  display.  The  success  of 
tfhe  target  acquisition  and  engagement  systems  on  current  attack  helicopters  is 
therefore  fully  dependent  on  the  combined  abilities  of  the  two-member  crew. 

(c)  (U)  The  candidate  sensors  for  the  LHX  include  WO,  video/ 
television  sensors,  IR  devices,  and  radar.  Much  like  the  Apache,  the 
video/television  and  WO  can  be  used  during  daylight.  The  FLIR  and  radar 
systems  can  be  used  during  the  day  and  at  night.  One  cf  the  major  factors 
that  will  influence  the  overall  success  of  the  LHX  target  acquisition  and 
engagement  capability  will  be  the  maturity  level  of  the  various  sensors  needed 
to  acquire  and  provide  information  concerning  the  type  of  target  and  its  loca¬ 
tion  on  the  battlefield. 

(d)  (U)  The  second  part  of  the  equation  involves  the  methods  and 
systems  used  to  pass  that  information  on  to  the  aircrew.  As  mentioned 
earlier,  the  attack  aircraft  in  the  field  today  require  a  crew  of  two  to  be 
effective.  How  well  the  LHX  target  acquisition  and  engagement  system  operates 
Is  dependent  on  the  consideration  given  to  human  factors  engineering  criteria 
and  the  soldier-machine  Interface.  To  reduce  aviator  workload  and  facilitate 
the  target  acquisition  and  engagement  task,  a  faster,  more  sophisticated 
method  of  data  processing  and  correlation  must  be  developed  for  the  LHX.  The 
ideal  system  would  be  one  that  fully  automates  the  target  detection,  acquisi¬ 
tion,  tracking,  identification,  and  engagement  tasks,  and  provides  a  capa¬ 
bility  to  automatically  pass  target  information  to  other  members  of  the 
combined  arms  team.  The  level  at  which  these  functions  can  be  successfully 
automated  will  significantly  Impact  the  crew  size  of  the  LHX.  From  the  human 
factors  viewpoint,  the  automatic  processing  of  the  various  sensor  Inputs  to 
provide  a  composite  display  which  only  contains  the  information  necessary  for 
target  engagement  or  handoff  should  do  much  to  ease  che  crew  workload. 

(e)  (U)  Target  tracking  should  be  automated  to  assist  In  holding  the 
target  within  the  FOV  of  the  sensor  and  displays  and  to  reduce  pilot  workload 
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when  performing  that  function.  The  systems  should  automatically  compute 
target  location  and  range  with  respect  to  the  aircraft  and  geographic  posi¬ 
tion.  That  information,  along  with  target  identification  information,  should 
be  automatically  transferred  to  the  communication  system  and  transmitted  to 
other  friendly  forces.  Expansion  of  the  sensor  visual  scene  through  a  number 
of  FOV  selections  should  be  provided  to  allow  the  aircrew  to  better  see  and 
examine  specific  targets  or  points  of  interest.  The  FOV  changes  associated 
with  that  expansion  should  be  as  gradual  as  possible  to  allow  the  operator  to 
continuously  track  the  target. 

(f)  (U)  Recordings  of  the  information  obtained  through  the  sensors 
would  provide  a  capability  for  the  aircrew  to  only  expose  their  aircraft  for  a 
short  period  of  time,  obtain  a  picture  of  the  battlefield,  return  the  aircraft 
to  a  safer  position,  and  „nen  play  back  the  recording  obtained.  The  full 
extent  of  this  capability  has  not  yet  been  evaluated,  but  it  would  assist  in 
increasing  the  survivability  rate  of  the  LHX  by  permitting  a  more  detailed 
examination  of  potential  target  data  in  a  less  vulnerable  position.  The 
recording  capability  would  also  be  of  considerable  use  to  collect  information 
during  reconnaissance  missions  and  to  assess  battle  damage  after  an  attack. 

(g)  (U)  The  methods  for  displaying  the  target  visual  information 
that  appear  to  be  within  the  LHX  technology  time  frame  are  twofold:  a  panel- 
mounted  display  (PMD)  and  a  helmet-mounted  display  (HMD).  The  PMD,  by  itself, 
is  a  poor  option  for  a  single-crew  LHX  because  it  requires  the  aviator  to  keep 
his  head  inside  the  crewstatlon.  The  HMD  system  will  be  a  necessity  for  the 
single-crew  LHX  wnere  the  pilot  must  keep  his  eyes  outside  the  crewstatlon  as 
much  as  possible.  One  disadvantage  of  the  HMD  is  the  large  variety  of  infot - 
mat  ion  the  pilot  needs  to  have  on  that  display  to  fly  the  aircraft  and  to  per¬ 
form  the  targeting  function.  The  aircrew  could  be  easily  Inundated  with  too 
much  information.  The  alternative  would  be  a  combination  of  PMDs  and  HMDs. 

The  PMD  in  the  crewstatlon  could  display  the  detailed  information  from  the 
targeting  system  sensors  individually  or  as  an  integrated  composite.  Portions 
of  that  Information  could  be  extracted  and  placed  on  the  HMD  to  provide  the 
minimum  information  required  by  the  aircrew.  If  the  system  were  fully  auto¬ 
mated,  the  aircrew  would  need  only  enough  information  to  assure  the  process 
was  operating  correctly. 

(h)  (U)  Human  factors  standards  and  handbooks  provide  considerable 
data  concerning  visual  limitations  and  criteria  with  respect  to  the  design  of 
display  characteristics.  The  major  challenge  for  the  LHX  is  not  necessarily 
In  that  area  but  one  of  meaningful  integration  of  the  sensor  inputs  that  will 
provide  the  aircrew  the  information  needed  without  creating  a  workload  level 
they  are  unable  to  cope  with. 

(i)  (U)  Target  sensor  systems  will  also  be  required  to  automatically 
scan  for  airborne  targets,  as  well  as  ground  targets.  That  capability  should 
Include  a  360°  target  search  completely  around  the  aircraft. 

(j)  (U)  Target  acquisition  and  engagement  in  current  Army  attack 
helicopters  is  a  two-crewmember  task.  For  a  single-crewmember  LHX  to  effec¬ 
tively  accomplish  that  mission,  a  major  leap  in  sensor  capabilities  and  the 
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automation  of  many  of  the  target  acquisition  and  engagements  must  be 
accomplished.  That  automation  should  cover  all  functions  from  initial  target 
detection  until  engagement  of  the  target.  In  addition  to  the  current  activi¬ 
ties  associated  with  air-to-ground  targeting  tasks,  the  LHX  crew  must  also 
contend  with  air-to-air  target  acquisition  and  engagement  tasks.  Based  on  the 
technology  assessments  presented  so  far,  not  all  of  the  target  acquisition  and 
engagement  functions  can  be  automated,  particularly  target  recognition.  The 
aircrew  will  be  expected  to  make  the  final  confirmation  that  the  target  is  the 
enemy  and  make  the  decision  to  engage  the  target.  From  the  human  factors 
perspective,  the  concept  of  mrltisensor  fusion  or  integration  and  the  display 
of  the  composite  results  have  not  yet  been  evaluated  in  sufficient  detail  to 
allow  a  valid  prediction  of  its  capabilities  or  limitations.  A  number  of 
development  efforts  are  underway  but  they  are  still  in  the  early  stages. 
Further  efforts  in  this  area  are  required  to  make  a  single-crew  LHX  a  reality. 

(9)  (IM  Aviation  life  support  equipment  (ALSE) . 

(a)  (U)  ALSE,  including  protective  gear,  also  plays  an  important 
role  in  aircrew  survival  in  combat.  In  addition  to  the  NBC  protection  pre¬ 
viously  discussed,  ALSE  includes: 

—  Protective  helmets. 

—  Flight  suits. 

—  Armor  panels  and  vest. 

—  Aircraft  environmental  control  systems. 

—  Oxygen  systems. 

—  Laser  and  nuclear  eye  protection. 

—  Cold  weather  clothing. 

—  Survival  gear  and  radios. 

—  Weapons. 

(b)  (U)  The  protective  helmet  not  only  contains  the  system  by  which 
the  aircraft  can  communicate  within  and  outside  the  crewstation,  but  also  pro¬ 
vides  head  impact  protection  during  a  crash  and  provides  environmental  noise 
attenuation  to  protect  the  aviator's  ears.  Unless  the  LHX  is  radically  dif¬ 
ferent  from  previous  aircraft  designs,  similar  protection  will  still  be 
necessary.  Future  helmets  should  also  Include  laser  and  nuclear  flash¬ 
blindness  protection  unless  that  protection  can  be  built  into  the  aircraft 
itself.  Add  to  this  the  wide  FOV  HMDs  expected  in  the  LHX,  and  the  helmet 
system  becomes  more  complex.  The  LHX  helmet  with  all  the  above  systems  and 
NBC  protection  added  will  be  much  different  from  present  helmets.  The  new 
aircrew  integrated  helmet,  now  under  development,  integrates  Impact,  noise. 
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laser,  NBC,  and  flashblindness  protection  lnco  one  heloet,  but  It  is  not 
addressing  the  HMD  Issue.  An  advanced  LHX  helmet  development  program  needs  to 
be  Initialled  to  address  this  issue. 

(c)  (U)  Protective  armor  is  another  area  where  the  LHX  design  could 
do  much  to  alleviate  the  performance  degradation  associated  with  those 
devices.  Aviators  now  fly  with  armor  protective  seats  and  armor  vests.  The 
vests  are  bulky  and  heavy  and  restrict  aircrew  movements.  The  LHX  should  con¬ 
sider  additional  armor  protection  as  part  of  the  aircraft  so  that  the  amount 
worn  by  the  aircrew  could  be  reduced.  When  it  is  necessary  for  the  aircrew  to 
wear  body  armor,  the  LHX  crewstation  configuration  must  take  into  con¬ 
sideration  the  restricted  movements  of  the  aviator  while  wearing  such  armor. 

(d)  (U)  The  environmental  control  systems,  heating,  and  cooling 
ventilation  In  today's  fleet  fall  far  short  of  providing  the  optimal  environ¬ 
ment  for  the  aircrew  to  operate  in.  The  net  result  is  increased  aviator 
stress  and  fatigue  that  degrade  mission  effectiveness  or  time.  Systems  have 
been  and  are  under  development  that  can  overcome  this  problem  if  applied  to 
the  LHX  crewstation  design. 

(e)  (U)  Oxygen  systems  are  required  for  the  LHX  to  allow  operations 
at  altitudes  above  10,000  feet  mean  sea  level,  such  as  that  found  in  moun¬ 
tainous  terrain.  During  night  operations,  oxygen  has  also  been  found  to 
greatly  Increase  night  vision  capabilities  at  a  few  thousand  feet  above  sea 
level.  Due  to  the  logistics  problems  associated  with  bottled  oxygen  systems, 
it  Is  recommended  that  the  LHX  have  an  onboard  oxygen  system  designed  into  the 
aircraft.  Such  systems  that  are  presently  flying  in  Air  Force  and  Navy  high- 
performance  aircraft  could  be  adapted  to  the  LHX  for  that  purpose. 

(f)  tU)  Improved  flight  suits,  cold  weather  clothing,  survival  gear, 
and  survival  radios  are  all  being  developed  under  Army  and  tri-service 
programs  not  directly  related  to  the  LHX.  Those  programs  should  mature  Inde¬ 
pendently  of  the  LHX.  The  LHX  crewstation  design  must,  however,  take  Into 
consideration  the  space  constraints  required  for  that  ALSE.  The  crewstation 
controls  and  displays  must,  for  example,  consider  operation  by  aviators 
dressed  In  bulky  cold  weather  clothing.  When  wearing  survival  gear,  the 
aviator's  movements  will  also  be  restricted.  The  LHX  should,  at  a  minimum, 
consider  building  some  of  the  survival  gear  into  the  aircraft  seat  so  aviators 
do  not  have  to  wear  It  on  their  bodies.  The  LHX  design  must  also  provide 
storage  space  for  ALSE  that  must  be  stored  on  the  aircraft.  In  flight,  and  on 
the  ground  when  not  in  use. 

(10)  (U)  Displays  and  controls. 

(a)  (U)  The  method  in  which  information  Is  displayed  to  the  aircrew 

of  the  LHX  and  the  controls  provided  to  operate  the  mission  equipment  and 
systems  are  perhaps  the  most  crucial  aspect  of  the  crewstation  design.  As 
mentioned  earlier,  the  increased  demands  of  the  Army  21  concept,  coupled  with 
the  continued  addition  of  new  and  more  complex  systems  into  the  helicopter 
crewstations,  are  rapidly  approaching  a  point  where  crew  workload  or  attention 
demands  may  prevent  obtaining  the  maximum  effectiveness  from  the  aircraft 
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capabilities.  Studies  have  shown  that  when  flying  at  terrain  flight  levels, 
particularly  NOE,  the  pilot's  vxaual  attention  concentrated  outside  the 
crewstatlon  varies  from  33  to  80  percent  of  the  overall  available  tine, 
depending  on  the  mission  profile.  This  leave0  little  time  to  monitor  the 
displays  and  controls  within  the  aircraft. 

(b)  (U)  To  assure  success  in  the  airland  battle,  aircrew  workload 
must  not  be  allowed  to  exceed  a  level  that  restricts  the  effective  use  of  full 
aircraft  capabilities.  The  best  aircraft  system  available  is  of  little  use 
unless  it  can  be  effectively  operated  by  the  aircrew.  One  solution  for 
reducing  the  variety  and  quantity  of  individual  displays  and  controls  is  the 
use  of  a  fully  integrated  electronic  cockpit.  That  approach  replaces  the  many 
cockpit  displays,  toggle  switches,  push  buttons,  rotary  switches,  and  electro¬ 
mechanical  meters  and  gauges  with  TV-like  displays  and  electronic  keyboard 
controls.  The  potential  advantages  of  an  integrated  electronic  crewstatlon 
when  designed  for  effective  human  interface  are: 

1_.  (U)  The  capability  to  provide  the  relevant  data  required  by  the 

crewmembers  in  the  most  accessible  panel  areas  of  the  crewstatlon. 

2^.  (U)  A  reduction  of  the  forward  instrument  panel  space  required 

for  displays,  thus  Improving  the  out-of-cockpit  visibility. 

3^.  (U)  The  use  of  flight  computers  to  partially  relieve  the 

aviator's  mental  workload  by  integration  of  raw  flight  data  into  a  form  that 
requires  less  dedicated  displays. 

A_.  (U)  A  reduction  in  the  weight  of  existing  aircraft  systems  by 

combining  current  functions,  supported  by  a  number  of  black  boxes,  into  one 
less  bulky  system. 

J5.  (U)  A  reduction  of  the  number  of  controls  presently  in  the 

cockpit . 

(c)  (U)  Displays,  combined  with  the  visual  capabilities  of  the 
aircrew  and  the  sensors  feeding  them,  provide  the  information  to  support  the 
basic  mission  functions  of  spatial  orientation,  flight  path  control,  weapon 
delivery,  survivability,  navigation,  and  aircraft  system  monitoring.  Each  of 
these  functions  places  demands  on  a  portion  of  the  aviator's  attention  during 
a  typical  LHX  mission.  The  mission  success  will  therefore  be  very  dependent 
on  the  manner  in  which  that  information  is  presented  to  the  aircrew  and  the 
division  of  the  aviator's  time  to  properly  attend  to  each  of  these  functions. 

(d)  (U)  One  concept  for  the  presentation  of  visual  information  in 
the  LHX  is  the  use  of  a  wide  FOV  panoramic  display,  mounted  in  the  aircraft  in 
front  of  the  aviator,  that  would  display  aircraft  performance  information 
superimposed  on  an  image  of  the  outside  world,  with  resolution  and  visual 
capabilities  that  are  similar  to  that  of  the  human  eye.  It  is  recognized  that 
the  technology  development  for  such  sensors  3nd  displays  has  not  yet  reached  a 
maturity  level  that  would  allow  that  to  occur  and  reportedly  will  not  do  so 
within  the  constraints,  goals,  and  time  frame  of  the  LHX.  The  two  visual 


R-59 

UNCLASSIFIED 


UNCLASSIFIED 


display  options  that  appear  to  be  available  for  the  IHX  are  helmet-mounted  and 
panel-mounted  displays.  The  attributes  of  each  will  be  covered  in  more 
detail . 


1_.  (U)  The  use  of  a  helmet-mounted  display  (HMD)  in  the  LKX  that 

would  allow  the  aviators  to  keep  their  eyes  outzide  the  crewstation,  while 
simultaneously  having  mission  information  displayed  on  a  see-through  lens  in 
front  of  their  eyes,  could  provide  a  significant  advantage  when  flying  NOE  ynd 
when  acquiring  and  destroying  targets.  In  both  those  flight  modes,  while  per¬ 
forming  the  pilotage  or  a  targeting  task,  much  of  the  aviator's  attention  is 
concentrated  on  things  outside  the  crewstation  with  little  time  to  monitor 
displays  in  the  crewstation.  The  HMD,  when  integrated  with  a  head-sensing 
system  and  weapon  control,  would  also  provide  a  means  to  rapidly  slew  weapons 
and/or  weapon  sensors  by  means  of  head  movements. 

2_.  (U)  Two  of  the  major  design  criteria  that  need  to  be  established 
for  the  HMD  are  the  FOV  and  the  field  of  regard  (FOR).  The  ideal  FOV  and  FOR 
for  HMDs,  from  the  human  factors  engineering  standpoint,  would  approach  those 
of  the  human  visual  system.  The  assessment  of  current  technology  indicates 
that  full  capability  will  most  likely  not  be  available  for  the  initial 
fielding  of  the  LHX;  therefore,  some  smaller  FOVs  and  FOks  must  be  considered. 

3^.  (U)  There  is  little  in  the  way  of  scientific  data  to  establish 

the  exact  requirement,  but  a  number  of  evaluations  point  to  the  need  for  wide 
FOV  considerably  larger  than  that  of  current  systems.  Flight  and  simulation 
studies,  along  with  aviator  assessments,  suggest  that  the  FOV  for  HMDs  should 
be  considerably  greater  than  the  40°  available  in  current  systems. 

4^  (U)  The  estimated  FOV  needed  for  the  LHX,  reported  In  the  U.S. 

Army  Aviation  Systems  Command  TOD,  was  110°  horizontal  by  60°  vertical.  The 
wide  FOV  permits  the  aircrew  to  acquire  peripheral  information  that  can  be 
helpful  in  flying  the  aircraft  and  detecting  threats.  Evaluations  conducted 
in  conjunction  with  the  ongoing  "LHX  Virtual  Cockpit"  assessment,  conducted  by 
the  Air  Force  Aerospace  Medical  Research  Laboratory,  indicate  experienced  Army 
aviators  prefer  a  crewstation  design  that  incorporates  HMDs  with  a  FOV  that  Is 
at  least  90°  horizontal  and  60°  vertical  or  greater.  FOV  is  not,  however,  the 
only  factor  in  the  ability  to  gain  useful  information  from  helmet-mounted 
visual  displays. 

5^  (U)  Other  factors  such  as  resolution,  contrast,  brightness,  and 

refresh  rates  are  involved.  The  wider  FOV  is  best,  given  that  all  these  other 
factors  are  constant,  but  this  is  not  always  the  case.  The  LHX  HMD  parameters 
will  be  a  compromise  between  a  number  of  criteria.  The  FOV  will  therefore  be 
determined  by  the  capability  of  the  technology  available  in  the  LHX  time  frame 
to  provide  a  wide  FOV  while  maintaining  a  level  of  image  quality  that  enhances 
human  and  mission  performance. 

(U)  The  workload  analyses  of  the  Advanced  Rotorcraft  Technology 
Assessment  (ARTI)  program  support  the  need  for  a  wide  FOV  display  for  the  LHX. 
Preliminary  information  from  the  ARTI  program  received  to  date  indicates  that 


R-60 


UNCLASSIFIED 


UNCLASSIFIED 


a  90°  by  60°  FOV  appears  to  be  within  the  realm  of  practicality.  This  area 
needs  to  receive  considerable  attention  to  assure  the  resultant  LHX  design  is 
mission  effective. 

7_.  (U)  In  addition  to  the  FOV  requirement,  the  sensors  providing 

information  to  the  HMD  should  be  slewable  to  provide  a  FOR  that  approaches  the 
aviator's  capabilities  at  movement  rates  commensurate  with  normal  head  move¬ 
ment.  With  such  a  visually  coupled  system,  the  visual  content  of  the  HMD 
would  correspond  with  the  aviator's  head  and  aircraft  movement.  The  limiting 
factor  will  again  be  the  capability  of  technology  to  provide  the  maximum  FOR. 

8^.  (U)  The  physical  location  of  the  sensors  providing  information 

to  the  aircrew  is  also  important.  The  sensor  itself  should  be  positioned  as 
close  to  the  reference  action  position  of  the  crewmember's  eye  as  possible  to 
reduce  errors  in  judgment  concerning  aircraft  location.  Sensors  that  are 
located  at  some  distance  from  the  position  of  the  aviator's  eyes  require  the 
aviator  to  mentally  manipulate  the  information  he  sees  on  his  display  in  order 
to  react  properly  to  that  information.  The  net  result  is  a  requirement  for 
increased  initial  training  and  the  need  to  fly  with  the  system  more  often  to 
maintain  an  acceptable  skill  level. 

9.  (U)  The  reported  disadvantages  of  the  HMD  from  the  human  factors 
engineering  viewpoint  include  the  limited  amount  of  information  that  can  be 
placed  on  the  display,  helmet  weight,  connecting  cables  that  may  impede  egress 
from  the  crewstation  in  an  emergency,  a  lack  of  easy  interchangeability  of 
tailored  helmets  between  aviators,  the  considerable  time  consumed  in  fitting 
the  helmet  to  the  individual,  and  the  time  consumed  in  alignment  of  the  sen¬ 
sors  and  weapon  aiming  sights.  All  of  these  areas  are  critical  and  must  be 
addressed  in  the  LHX  system  design  to  reduce  their  negative  impact  on  opera¬ 
tional  performance.  A  system  design  that  allows  for  interchangeable  helmets 
and  display  systems  between  individuals  and  between  aircraft  would  be  best. 

10.  (U)  Panel-mounted  visual  displays  provide  a  means  to  reduce  the 
relatively  large  number  of  dedicated  displays  found  in  current  aircraft  to  a 
few  electronic  displays.  The  information  now  placed  on  a  number  of  individual 
dials  and  gauges  could,  for  example,  be  integrated  into  a  visual  picture  on 
one  multifunction  display.  The  major  advantage  of  this  approach,  other  than  a 
reduction  in  space  and  weight,  is  the  capability  to  place  more  visual 
information  within  the  prime  viewing  space  of  the  crewstation  and  to  require 
less  head  movement  on  the  part  of  the  aviator  to  obtain  that  information. 

This  is  Important  during  flight  to  allow  the  aircrew  to  rapidly  obtain  infor¬ 
mation  from  the  crewstation  displays. 

(e)  (U)  Voice  generation  and  audio  systems  offer  another  approach 

for  displaying  information  in  the  crewstation.  Audio  cues  have  been  used  for 
a  number  of  years  to  gain  the  aircrew's  attention  during  emergency  situations 
and  to  assist  In  the  identification  of  flight  and  navigation  aids.  Those 
audio  cues  vary  from  a  single  tone  or  sound  to  the  use  of  codes  to  identify 
radio  signals.  A  synthesized  voice  generated  by  a  computer,  on  the  other 
hand,  produces  verbal  messages  that  sound  much  like  the  human  voice.  It  is  an 
advanced  means  by  which  the  aircraft  systems  can  interact  with  the  pilot  while 
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leaving  his  eyes  free  for  obtaining  visual  information  from  outside  the 
crevstation  and  from  other  displays.  It  is  expected  that  a  computer  will  be 
used  to  monitor  the  aircraft  subsystems  in  the  LHX.  When  the  computer  senses 
that  a  subsystem's  tolerance  limits  have  reached  a  level  that  requires  pilot 
attention,  a  speech-generated  signal  could  alert  the  pilot.  Threat  warnings 
could  be  handled  in  a  similar  manner  either  by  speech  alone  or  in  conjunction 
with  visual  displays. 

(f)  (U)  Speech  generation  technology  is  sufficiently  advanced  that 
it  could  be  used  in  the  LHX  today.  The  use  of  both  generated  speech  and  audio 
tones  have  a  place  in  the  LHX  crewstation  display  system.  Speech  systems  have 
the  advantage  of  conveying  information  in  a  human-like  voice,  but  do  consume  a 
dedicated  amount  of  time  and  only  one  understandable  message  can  be  conveyed 
at  a  time.  The  audio  tones,  on  the  other  hand,  may  be  transmitted  in  a 
shorter  period  of  time  but  require  the  aviator  to  commit  to  memory  the  meaning 
of  various  coded  tones.  The  use  of  generated  speech  or  audio  tones  both  have 
an  additional  limitation  in  that  the  human  can  only  process  a  given  amount  of 
information  in  a  short  period  of  time.  Too  many  speech  or  audio  warnings, 
like  any  other  warning  system,  could  easily  overload  the  aircrew.  The  advan¬ 
tages  of  both  speech  generation  and  audio  torses  need  to  be  completely 
integrated  with  the  visual  information  displays  in  the  crewstation  to  provide 
the  best  transfer  of  information  from  the  aircraft  sensors  to  the  human 
operator . 

(g)  (U)  The  effective  design  of  the  mission  equipment  systems 
controls  placed  in  the  crewstation  is  as  important  as  the  display  system.  It 
is  through  these  devices  that  the  aircrew  communicates  with  and  controls  the 
operation  of  3uch  mission  equipment. 

(h)  (U)  In  the  past,  that  function  has  been  mainly  accomplished  by 
the  use  of  dedicated  toggle,  rotary  switches,  and  push  buttons.  Those 
options,  which  are  still  available,  can  be  supplemented  with  voice  activated 
systems,  touch  sensitive  electronic  displays,  multifunction  keyboards,  indivi¬ 
dual  push  buttons,  and  joy  sticks.  Each  of  these  systems  or  approaches  have 
been  evaluated  on  a  limited  basis  in  the  laboratory  but  few  have  received 
complete  evaluations  in  Army  aircraft.  The  use  of  voice  activated  systems, 
for  example,  provides  a  potential  that  would  allow  the  aircrew  to  control 
system  functions  by  talking  to  the  system.  When  the  aviator  speaks,  the 
speech  recognition  system  analyzes  the  spoken  word  and  converts  it  into  digi¬ 
tal  signals  that  can  control  aircraft  systems.  The  major  advantage  of  speech 
recognition  is  that  It  allows  the  pilot  to  interacc  with  controls  and  displays 
using  spoken  commands  without  the  use  of  his  hands  or  feet.  Potential  appli¬ 
cations  of  this  technology  include  limited  flight  control  such  as  "unmask"  and 
"remasking"  maneuvers,  interaction  with  and  possibly  the  firing  of  weapon 
systems,  tuning  and  controlling  of  radios  and  navigation  devices,  and  for  data 
entry  other  than  manual  manipulation  of  a  keyboard  of  switches.  The  above 
examples  are  but  a  few  that  speech  recognition  devices  can  support  when  the 
technology  Is  mature  enough  to  do  so.  At  this  time,  the  disadvantages  of 
speech  recognition  are  equally  numerous.  Research  efforts  have  pointed  out 
that  speech  recognition  systems  have  problems  when  operating  in  a  noisy 
environment  such  as  that  of  a  helicopter.  Emotional  and  physical  stress 
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effects  on  an  individual’s  voice  have  an  adverse  affect  on  the  lystem's 
ability  to  recognize  the  spoken  word.  Speech  pattern  differences  between 
individuals  is  a  major  obstacle  to  the  practical  application  of  the  tech¬ 
nology.  Today's  systems  are  speaker-dependent,  meaning  that  they  must  be 
fained  to  recognize  the  input  of  one  particular  speaker  at  a  time.  The 
potential  for  speech  recognition  to  aid  in  reducing  workload  in  the  crew- 
stations  ir  high,  but  researchers  in  this  area  indicate  the  probability  of  its 
maturity  within  the  LHX  initial  development  is  low. 

(i)  (U)  Multifunction  keyboards  also  provide  a  potential  that  should 
be  captured  for  the  LHX.  As  discussed  in  the  section  on  communications,  a 
single  multifunction  keyboard  can  be  used  to  control  a  variety  of  radios  and 
navigation  systems,  thereby  replacing  a  number  of  individual  radio  and  naviga¬ 
tion  control  heads.  The  major  advantage  is  the  reduction  of  space  necessary 
in  the  crewstation  devoted  specifically  to  those  control  functions.  From  the 
human  factors  standpoint,  the  additional  space  provided  by  the  use  of  a  multi¬ 
function  keyboard  provides  the  feasibility  to  better  place  the  remaining 
controls  and  displays  in  a  position  that  facilitates  their  effective  use  by 
the  aviators.  Flying  the  aircraft  with  one  hand  while  operating  the.  multi¬ 
function  keyboard  may,  however,  present  some  problems.  A  multifunction 
keyboard  has  been  used  in  the  two-crewmember  0H-58D  scout  helicopter  but  has 
not  been  evaluated  in  a  single-crew  context.  This  area  needs  to  be  more 
thoroughly  evaluated. 

(j)  (U)  The  concept  of  the  aviator  keeping  his  hands  on  the  controls 
as  much  as  possible  has  received  a  lot  of  attention  in  the  design  of  recently 
developed  helicopters.  That  approach  attempts  to  place  all  of  the  critical 
control  switches  on  the  cyclic  or  collective  pitch  grips  so  that  the  aviator 
can  reach  and  operate  them  without  moving  his  hands  off  the  flight  controls. 
Due  to  sensitivity  of  the  side-arm  controller,  that  approach  may  no  longer  be 
valid.  It  may  te  best  not  to  put  any  system  switches  on  the  device.  The 
aviator's  free  hand  can  then  be  expected  to  be  used  to  operate  the  mission 
equipment  and  systems  other  than  the  flight  controls.  The  location  of  the 
system  controls  therefore  becomes  an  open  question  that  requires  investigation 
from  a  human  factors  viewpoint.  This  issue  is  of  critical  importance  to  the 
single  crew  LHX  in  order  to  maintain  the  crew  workload  at  an  acceptable  level. 


(11)  (U)  Conclusions/recommendations. 

(a)  (U)  Army  aviation's  role  in  combat  has  increased  over  the  years 

from  the  relatively  limited  use  of  helicopters  and  fixed  wing  aircraft  for 
transporting  soldiers  and  material  around  the  battlefield  and  performing  scout 
missions  to  one  of  full,  close  combat  missions.  The  expanded  missions,  along 
with  the  increased  throat  capability,  demanded  the  design  and  implementation 
of  new  tactics.  Helicopters  are  now  required  to  use  terrain  flight  tactics  to 
shield  the  aircraft  from  enemy  detection.  Flying  at  low  levels  an!  NOE  below 
treetop  levels  is  extremely  demanding  on  the  flight  crew.  NOE  flight  requires 
the  pilot  to  focus  most  of  his  visual  attention  outside  the  crewstation  while 
rapidly  maneuvering  the  aircraft  around  obstacles  in  the  flight  path.  Add  the 
other  crew  tasks  like  navigation,  communication,  target  acquisition  and 
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engagement ,  and  monitoring  of  the  aircraft  subsystems,  and  the  demand  on  the 
aircrew's  physical  and  mental  abilities  rapidly  increases.  The  requirement  to 
fly  and  fight  around  the  clock  further  compounds  the  problem. 

(b)  (U)  The  increasingly  hostile  environment  Army  aviators  must 
fight  in  and  the  number  and  complexity  of  new  aviation  systems  require  a  large 
amount  of  information  be  presented  to  and  assimilated  by  the  aircrew.  The 
most  essential  ingredient  of  the  design  of  the  LHX  for  the  future  battlefield 
is  the  integration  of  the  vast  amount  of  information  provided  by  the  aircraft 
sensors  into  a  form  that  can  easily  be  interpreted  and  used  by  the  aircrew. 

(c)  (U)  The  goal  of  a  single-crewmember  LHX  demands  an  even  more 
efficient  crewstation  design.  The  full  integration  of  the  information 
displays,  the  control  techniques  employed,  and  the  capabilities  and  limita¬ 
tions  of  the  aircrew  at  a  level  much  greater  than  current  ait  craft  is  man¬ 
datory  if  that  goal  is  to  be  achieved.  The  functions  the  aircrew  must  perform 
in  the  LHX  fall  into  the  major  functional  areas  of  flight  control,  navigation, 
communication,  target  acquisition  and  engagement,  survivability,  and  system 
status  monitoring.  Each  of  these  functions  is  of  prime  importance  when  the 
LHX  enters  combat.  The  inability  of  the  aircrew  to  effectively  perform  any 
one  of  these  functions  could  result  in  degraded  performance  and  loss  of 
miasion  success.  From  a  human  factors  viewpoint,  the  following  general  recom¬ 
mendations  for  the  integrated  crewstation  should  receive  attention: 

1^.  (U)  Flight  control.  An  accurate  automated  flight  control  with 

full  terrain  following  and  terrain  avoidance  capability  would  be  best,  but 
does  not  appear  feasible  within  the  LHX  development  schedule.  The  LHX  should, 
however,  provide  a  level  of  automatic  control  and  stability  augmentation  that 
reduces  pilot  workload  and  improves  mission  performance.  A  hover-hold  capa¬ 
bility  should  be  provided  along  with  a  low-level  cruise  capability. 
Consideration  should  also  be  given  to  an  automatic  "pop-up"  maneuver  control. 
The  use  of  side-arm  controllers  to  replace  the  current  flight  controls  now 
found  in  helicopters  also  has  some  advantages  with  respect  to  aviator  physical 
fatigue  and  the  removal  of  visual  restrictions  between  the  aviator  and  the 
aircraft  displays.  The  question  concerning  how  many  of  the  control  functions 
can  effectively  be  placed  on  a  single  side-arm  controller  remains  unanswered. 
Additional  investigations  are  needed  to  address  this  area. 

2.  (U)  Navigation.  The  LHX  navigation  system  should,  at  a  minimum, 
consist  of  an  electronic  horizontal  situation  display  that  gives  the  aircrew 
real-time  accurate,  spatial  information  concerning  their  own  position  and  the 
position  of  friendly  and  threat  forces  during  day,  night,  and  adverse  weather 
conditions.  The  system  should  allow  the  aircrew  to  rapidly  obtain  information 
from  the  display  with  minimal  head-down  time  inside  the  crewstation,  provide  a 
mean3  to  automatically  update  the  position  information,  and  allow  the  aircrew 
the  capability  to  annotate  the  display  with  friendly  and  threat  information. 

The  feasibility  and  potential  advantages  of  the  digital  data  base  navigation 
system  should  be  included  in  the  LHX  when  that  technology  matures. 

3.  (U)  Communication.  The  control  of  the  numerous  radios  and 
navigation  aids  from  a  central  point  should  be  considered  to  free  up  the 
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crewstation  space  and  allow  more  effective  placement  of  other  displays  and 
controls.  The  LHX  design  should  include  an  automatic  data  loading  system  that 
would  rapidly  transfer  communication,  navigation,  threat,  and  other  system 
information  into  the  avionics  computers  at  the  beginning  of  the  mission  and 
would  provide  the  capability  of  updating  that  information  during  flight.  A 
communication  system  with  less  noise  and  better  speech  intelligibility  needs 
to  be  developed  for  the  LHX. 

4.  (U)  Target  acquisition  and  engagement.  The  automatic  processing 

of  information  from  the  various  target  acquisition  sensors,  to  provide  a 
composite  display  which  only  contains  the  information  necessary  for  target 
engagement  or  handoff,  is  recommended  fc."  the  LHX.  A  fast  method  of  data  pro¬ 
cessing  and  correlation  must  be  developed.  Target  lock-on  and  tracking  should 
also  be  automated  to  assist  in  holding  the  target  within  the  FOV  of  the  sensor 
and  displays.  Video  recording  techniques  should  be  employed  to  allow  the 
aircrew  to  collect  target  or  threat  information  for  analysis  at  a  later  time. 
Sensors  and  related  systems  should  De  provided  to  automatically  scan  for  air¬ 
borne,  as  well  as  ground,  targets.  The  ideal  would  be  a  target  acquisition 
and  engagement  system  with  full  automation  of  the  target  detection,  acquisi¬ 
tion,  tracking,  identification,  and  engagement  task  with  the  pilot  as  the 
system  manager  and  final  decision  maker. 

2/  (U)  Survivability. 

2*  (U)  (a)  ASE  systems  will  be  an  important  factor  in  the  LHX. 

The  ASE  systems  should  have  provisions  for  entering  known  threat  information 
into  the  avionics  computer  memory,  and  the  display  of  those  threats  along  with 
geographic  location  information  should  be  designed  into  the  LHX.  Individual 
threat  detection  devices  should  be  integrated  to  form  a  single  survivability 
system  that  rapidly  proteins  the  aircrew  relevant  information  regarding  the 
threat  location  and  the  countermeasure  necessary  to  defeat  the  threat.  The 
threat  information  must  be  prioritized  and  the  threats  displayed  must  be 
limited  to  the  optimal  number  the  aircrew  can  handle  at  one  time.  The  infor¬ 
mation  presented  to  the  aircrew  should  include  target  position  and  location, 
as  well  as  Information  concerning  the  appropriate  defensive  action  the  crew 
should  take  to  defeat  the  threat. 

_b.  (U)  NBC  defensive  measures  must  be  a  part  of  the  crewstation 

design  of  the  LHX  to  allow  the  aircrew  the  option  to  avoid  contaminated  areas 
or  to  fight  ir.  them.  The  system  design  should  include  NBC  collective  protec¬ 
tion  provided  through  a  sealed  and  pressurized  aircraft,  remote  detectors  to 
warn  the  aircrew  of  contaminated  areas  before  they  have  entered  the  area,  and 
point  detectors  to  advise  the  air  and  ground  crews  when  the  exterior  or 
interior  of  the.  aircraft  has  become  contaminated.  The  capability  to  maintain 
the  individual  aviator  at  the  optimal  body  temperature  while  clothed  in  NBC 
clothing  should  also  be  i.  eluded.  The  crewstation  controls  and  displays 
should  be  designed  so  that  they  are  compatible  with  vhe  aviator  in  full  NBC 
gear  and  life  support  equipment.  In  addition,  the  LHX  design  should  consider 
agent-resistant  coatings  and  the  application  of  design  techniques  to  nrevent 
contamination  from  adhering  to  the  exterior  surfaces  and  entering  the  uterior 
subsystems  of  the  aircraft.  Provisions  should  also  be  provided  for  tr.e  addi¬ 
tion  of  onboard  decontamination  devices  at  a  later  date. 
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j6.  (U)  System  status  monitoring. 

(U)  Monitoring  of  the  system  status  is  a  prime  candidate  for 
automation.  It  is  recommended  that  the  concept  of  system  status  management  by 
exception  be  employed  in  the  LHX.  A  computerized  monitoring  system  could 
maintain  constant  vigilance,  perform  trend  analysis,  diagnose  abnormalities, 
and  provide  the  aircrew  with  the  information  neeaed  c o  take  the  appropriate 
action  required  by  the  particular  situation.  The  system  should  also  be 
designed  to  allow  the  aircrew  the  capability  to  obtain  information  from  the 
system  when  desired. 

b.  (U)  The  LHX  crewstation  should  be  designed  so  that  the  air  and 
ground  crews  can  effectively  operate  and  maintain  the  aircraft  when  wearing 
cold  weather,  NBC,  and  su/'ival  clothing  and  gear.  Space  must  be  provided  for 
the  storage  of  ALSE.  Oxygen  systems  should  be  provided  for  high-altitude  and 
night  missions.  An  LHX  advanced  aircrew  protecti.e  helmet  should  be  designed 
as  an  integral  part  of  the  crewstation. 

c.  (U)  The  detailed  assessment  of  each  of  tne  nonmajor  crew  func¬ 
tions  outlined  above  reveals  a  common  denominator  upon  which  the  LHX  mission 
performances  and  success  heavily  depend.  The  LHX  sensors  and  systems  all 
provide  an  enormous  amount  of  mission-related  information  to  the  aircrew.  The 
effective  use  of  that  information  relies  on  the  ability  of  the  aircrew  to  men¬ 
tally  process  the  Information,  decide  on  the  best  course  of  action,  and 
through  the  LHX  controls,  execute  that  action.  To  assure  success  of  the  LHX, 
information  obtained  from  the  various  subsystems  must  be  integrated  and  pre¬ 
sented  to  the  crew  in  a  meaningful  manner.  The  importance  of  the  crewstation 
integration  cannot  be  overemphasized. 

(i)  ^ II)  This  review  of  the  major  human  factors  engineering  issues  of 

the  LHX  crewstation  integration  concerns  has  indicated  that  the  capabilities 
and  limitations  of  the  human  must  receive  additional  consideration.  The  LHX 
is  expected  to  be  a  highly  automated  helicopter  with  the  capability  to  provide 
the  aircrew  with  information  continuously.  It  ia  the  Integration  of  that 
information  into  the  crewstation,  along  with  the  processing  of  that  infor¬ 
mation  by  the  crewmembers  and  the  resulting  control  actions  on  the  part  of  the 
aircraft  that  requi'e  much  attention  from  the  human  factors  engineering 
viewpoint.  The  human  factors  engineering  analyses  presented  in  the  AVSCOM  TOD 
and  this  TRADOC  TOA,  along  with  the  preliminary  results  provided  thus  far  from 
the  ARTI  program,  all  contribute  to  the  assessment  of  the  soldier-machine 
interface  of  the  LHX  and  the  enhancement  of  the  crew's  operational  capabili¬ 
ties  and  the  manpower,  personnel,  and  training  requirements.  These  prelimi¬ 
nary  efforts  provide  a  framework  for  the  development  of  the  LHX  but  do  not 
answer  all  the  human  factors  engineering-related  issues.  Human  factors  engi¬ 
neering  for  the  LHX  crewstation  is  part  of  an  iterative  design  process  that 
must  be  continually  reviewed  and  updated.  The  operational  success  of  the  LHX 
on  the  battlefield  Is  dependent  on  that  process  continuing.  The  continued 
support  from  a  number  of  government  organizations  and  laboratories  that  deal 
with  human-r elated  aspects  of  Army  aviation  will  be  necessary  to  accomplish 
the  LHX  goals. 
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R-7.  vU)  CONCLUSIONS. 

,i.  (U)  riie  results  of  mission  task  .analysis  indicated  that  a  fully  auto¬ 

mated  LUX  can  he  operated  by  a  two-member  crew  without  undesirable  crew 
overloads.  The  single-crevraember  analysis  indicates  that  even  with  full  auto¬ 
mation  the  pilot  will  experience  overloads  during  critical  mission  segments 
such  as  target  engagement  and  reconnaissance .  If  less  than  a  fully  automated 
crewstation  is  provided,  the  aircrew  workload  can  be  expected  to  increase. 

b.  (U)  The  assessment  of  the  crew  size  question  from  an  operational 
stardpoint  highlights  a  number  of  advantages  to  a  two-crewmember  LHX.  The 
analysis  of  operational  concerns  indicates  that  a  two-crew  LHX  would  be  more 
survivabie,  operationally  more  effective,  and  safer  to  fly.  The  second  indi¬ 
vidual  in  the  crewstation  should  reduce  fatigue  and  stress  and  provide  con¬ 
siderable  flexibility  in  mission  performance  and  growth. 

c.  (U)  The  HF/MMI  assessment  of  the  LHX  3nd  the  related  crew  size  issue 
indicates  that  a  considerable  amount  of  automation  will  be  required  in  either 
a  one-  or  two-crewmember  aircraft.  The  data  available  at  this  time  Indicates 
that  from  an  operational  effectiveness  standpoint  the  single-crew  LHX  presents 
a  high  risk  with  respect  to  the  HF/MMI.  The  two-crew  LHX  would  therefore  be 
the  prudent  approach  in  meeting  the  Army's  future  combat  needs.  If  the  goal 
of  a  single-crew  LHX  Is  to  be  reached,  considerable  effort  must  be  expended  on 
a  number  of  factors  including  technology  maturity,  operational  effectiveness, 
and  the  level  of  mission  equipment,  and  the  controls  and  display  integration 
required  for  the  LHX. 

d.  (U)  The  following  automation  functions  are  considered  critical  to  the 
crewstation  design,  particularly  if  the  goal  of  a  single-crew  LHX  is  to  be 
accomplished : 

—  Voice  interactive  systems. 

—  Automatic  navigation. 

Automatic  target  detection,  acquisition,  tracking,  and 

r ecognl t ion . 

—  Automatic  threat  analysis. 

Automatic  chreat  management. 

—  Terrain  following  (TF)/terrain  avoidance  (TA) . 

—  Levels  of  T^/TA. 

Integrated  fire  and  flight  control. 

Integrated  fllgKt  engine  control. 

—  Integrated  flight  path  control. 
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--  Wide  FOV  HMDs. 

Artificial  intelligence  concepts. 

A  pictorial  and  verbal  description  of  each  of  these  required  technologies  is 
shown  in  figures  R-17  through  R-28.  The  level  of  maturity  of  each  of  these 
technologies  will  have  a  definitive  Influence  on  the  actual  capabilities  of 
the  lHX.  That  relationship  is  shown  in  figure  R-29. 

e.  (U)  A  major  question  for  the  success  of  the  LHX  is  whether  or  not  the 
above  technologies  will  be  available  and  mature  enough  to  reduce  the  crew 
workload  in  a  single-pilot  LHX  to  a  manageable  level  within  the  LHX  full-scale 
development  schedule  and  program  goal?.  The  ARTI  program  and  crew  complement 
simulation,  when  completed,  will  hopefully  provide  additional  information  to 
answer  that  question. 

R-8.  (U)  RECOMMEND AT  10 MS. 

a.  (U)  The  automation  functions,  mission  equipment,  survivability,  and 
NBC  systems  recommended  In  the  various  sections  of  thi3  report  be  integrated 
Into  the  LHX  aircraft  design. 

b.  (U)  The  HF/MMJ  analysis  presented  be  expanded  and  updated  as  new 
information  becomes  available  from  the  ARTI  and  other  R&D  programs. 

c.  (U)  The  crew  size  decision  remain  open  until  the  ARTI  program  and  the 
government  crew  size  simulation  assessment  are  fully  completed  and  analyzed. 

d.  (U)  If  the  critical  technologies  outlined  in  this  section  and  the 
rest  of  the  TOA  are  not  sufficiently  mature  and  available  within  the  LHX 
program  goals  and  schedule,  consideration  be  given  to  the  initial  design  of  a 
two-crewmember  LhX  with  a  program  to  develop  the  needed  technologies  that 
would  allow  the  transition  to  a  single-place  LHX  at  some  future  date. 
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Figure  R-20.  (U)  Automatic  threat  analysis. 
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Annex  1  to  Appendix  R 


ERQJECTLYE  APPLICATION  QE.  THE  SUBJECTIVE 
WORKLOAD  ASSESSMENT  TECHNIQUE  TO  ADVANCED 
HELICOPTER  CREW  SYSTEM  DESIGNS 


R-I-l.  The  report,  "Projective  Application  of  the  Subjective 
Workload  Assessment  Technique  to  Advanced  Helicopter  Crew  System 
Designs"  is  reproduced  on  the  following  pages.  The  report  was 
first  published  by  the  Aerospace  Medical  Division  of  the  Air 
Force  Aerospace  Medical  Research  Laboratory,  Air  Force  Systems 
Command,  Wr ight-Patterson  Air  Force  Base,  Ohio  in  December  1984. 
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PREFACE 


The  research  reported  in  this  document  was  performed  by  the  Visual  Display 
Systems  Branch,  Human  Engineering  Division,  Air  Force  Aerospace  Medical 
Research  Laboratory  (AFAMRL/HEA) .  The  effort  was  accomplished  under  Work 
Unit  7184-11-45,  "Oisplay  Requirements  for  Tactical  Night  Systems."  The 
research  was  conducted  in  support  of  a  Memorandum  of  Agreement  between  the 
AFAMRL  and  the  U.S.  Army  Aviation  Systems  Command  (AVSCOM)  titled 
"Technology  Assessment  Study:  Virtual  Cockpit  for  the  LHX." 

Special  thanks  are  due  to  Ms.  Debra  Warner  of  the  MacAulay-Brown  Company, 
Dayton,  Ohio,  and  to  Mr.  Johnathan  Greene  of  Systems  Research  Laboratories, 
Inc.  (SRL),  Dayton,  Ohio,  who  very  ably  assisted  in  preparing  for  and  con¬ 
ducting  the  field  data  collection  portion  of  the  effort;  and  to  Ms.  Denise 
Wilson,  also  of  SRL,  who  provided  great  assistance  in  preparing  the  review 
of  the  workload  measurement  literature. 

The  personnel  of  the  U.S.  Army  Aviation  Center,  Fort  Rucker,  Alabama,  who 
participated  as  subjects  in  the  workload  prediction  experiment  must  be 
acknowledged  with  sincerest  gratitude.  Their  enthusiastic  professionalism 
and  highly  motivated  support  reflect  great  credit  on  that  organization. 
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SUMMARY 


This  report  deals  wUh  conceptual  crewscation  designs  for  an  advanced 
scout/attack  helicopter.  A  composite  mission  is  developed  and  six 
alternative  crewstations  are  evaluated  i,i  terms  of  both  predicted  workload 
and  pilot  opinion  data.  The  two  most,  promising  crew  interface  concepts  (a 
wide  f ield-of-view,  binocular  helmet-mounted  display  and  a  cocxpit-mounted 
projection  system)  are  I'ecoranended  for  development. 
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Secure  UHF  communications  capability 

HELLFIRE 

Air-to-ground  missile 

HF 

High  frequency 

HINO 

Soviet  A/G  attack  helicopter 

HMD 

Helmet-mounted  display 

HMS 

Helmet-mount  sight 

HOGE 

Hover  out  of  ground  effect 

Hn 

HAVE  QUICK 

HUO 

Head-up  display 

ICNIA 

Integrated  comm/ nav/i dent  avionics 

tOENT 

Identi fi cation 

IFF 

Identification  friend  or  foe 

IFFN 

Identification  friend,  foe,  or  neutral 

IMFK 

Integrated  multifunction  keyboard 

IR 

Infrared 

IRS 

Inertial  reference  system 

IRST 

Infrared  search  and  track 

JTIOS 

Joint  Tactical  Information  Distribution  System 

KM 

Kilometer(s) 

KTS 

Knots;  nautical  miles  per  hour 

LD 

Laser  designator 

LO/R 

Laser  designation/ranging  system 

LHX 

Lightweight  helicopter  family 
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GLOSSARY  (continued) 


LLTV 

IOC 

IRF/O 

LWR 

MEP 

MFD 

MFPK 

MM  I 

MMW 

NATO 

NAV 

NBC 

NNAPS 

NOE 

NVPS 

PJH 

PLRS 

PNVS 

P3I 

RA 

RF 

RWR 

SCAT 

SEAD 

SINCGARS 

SS8 


Low  light-level  television 
Lines(s)  of  communication 
Laser  rangefinder  and  designator 
Laser  warning  receiver 
Mission  equipment  package 
Multifunction  display 

Multifunction  programmable  Keyboard  (IMFK) 
Man/machine  interface 
Millimeter  wave  (radar) 

North  Atlantic  Treaty  Organization 
Navigation 

Nuclear,  biological,  and  chemical  (warfare) 

Night  navigation  and  pilotage  system  (digital  map) 

Nap-of-the-earth 

Night  vision  pilotage  system 

PLRS/JTIDS  hybrid 

Position  location  reporting  system 

Pilot  night  vision  system 

Preplanned  product  improvement 

Radar  altimeter 

Radio  frequency 

Radar  warning  receiver 

Scout  and  attack  (LHX  missions) 

Suppression  of  enemy  air  defenses  (LHX  mission) 
Secure  VHF  communications  capability 
Single  sideband 
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GLOSSARY  (continued) 


STINGER 

SWAT 

UHF 

V 

VCASS 

VCS 

VIA 

VHF 

VHSIC 

VPO 


Air-to-air  missile 

Subjective  Workload  Assessment  Technique 

Ultra-high  frequency 

Vertical 

Visually  Coupled  Airborne  System  Simulator 
Visually  coupled  system  (HMS  and  HMD) 

Voice  interactive  avionics 

Very  high  frequency 

Very  high  speed  integrated  circuits 

Virtual  panoramic  display 
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Section  1 
INTRODUCTION 


BACKGROUND 


This  report  documents  the  methodology  and  results  of  an  application  of  the 
Subjective  Workload  Assessment  Technique  (SWAT)  to  the  prediction  of  work¬ 
load  associated  with  a  next-generation,  scout/attack  (SCAT)  helicopter 
weapon  system  (Lightweight  Helicopter  Family,  LHX).  Five  conceptual  single 
pilot  crew  system  designs  are  addressed.  Emphasis  in  both  the  conceptual 
designs  and  In  the  exploration  of  workload  is  on  the  incorporation  of  a 
Virtual  Panoramic  Display  (VPD)  as  a  major  component  of  the  man-machine 
interface. 


As  part  of  a  joint  agreement  between  the  Air  Force  Aerospace  Medical 
Research  Laboratory  (AFAMRL)  and  the  U.S.  Army  Aviation  Systems  Command 
(AVSCOM),  a  technology  assessment  study  titled  "Virtual  Cockpit  for  the  LHX" 
was  undertaken  by  the  Visual  Display  Systems  Branch,  Hucan  Engineering 
Oivision,  of  the  AFAMRL.  A  portion  of  this  document  which  serves  to  define 
the  scope  of  the  study  reads  as  follows: 


The  central  thrust  of  this  study  is  to  Investigate  and 
trade-off  state-of-the-art  control /display  technology 
options,  based  upon  their  potential  versus  technical 
risks  and  projected  cost  for  achieving  a  panoramic 
virtual  image  display  and  control  interfaces  for  use 
In  an  advanced  helicopter.  It  is  envisioned  that  such 
a  display  interface  may  be  essential  for  performing 
the  LHX  mission  using  a  single  crewmember.  Of  special 
concern  are  the  feasibility  and/or  ultimate  prac¬ 
ticality  for  generating  a  wide  field-of-view  virtual 
Image  with  control  interfaces  which  optimize  the  capa¬ 
bilities  of  the  pilot,  thereby  reducing  workload  and 
engendering  a  sense  of  "battle  awareness." 

The  present  research  addresses  the  workload  issue.  A  subjective  measure  of 
workload,  SWAT,  is  applied  using  highly  knowledgeable  subjects  to  attempt  to 
predict  the  workload  that  may  be  expected  when  the  advanced  crewstations  are 
applied  as  the  Interface  between  the  pilot  and  weapon  system  in  the  conduct 
of  an  LHX  mission. 
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OTHER  STUOY  TASKS 


The  workload  prediction  research  reported  herein  formed  only  one  part  of  the 
technology  assessment  study.  Two  other  study  areas  were  treated.  The  first 
was  an  engineering  analysis  covering  the  optics,  image  sources,  and  elec-, 
tronics  technologies  needed  to  provide  a  VPD.  The  second  was  a  demonstra¬ 
tion  of  selected  aspects  of  the  panoramic  display  crew  system  concept,  using 
the  AFAMRL  Visually  Coupled  Airborne  Systems  Simulator  (VCASS).  The  results, 
conclusions,  and  recommendations  of  the  overall  technology  assessment  study 
were  provided  to  the  Army  in  a  briefing  on  12  July  1984  and  to  the  Advanced 
Rotorcraft  Technology  Integration  contractor  teams  on  25  July  1984,  both  at 
Wri ght-Patterson  Air  Force  Base,  Ohio. 

SUMMARY  OF  THE  REPORT 

Section  2  presents  an  overview  of  the  LHX  weapon  system  concept.  Included 
is  AFAMRL ' s  understanding  of  how  the  Mission  Equipment  Package  (MEP)  pro¬ 
vides  information  sources  for  the  crew  system  and  how  the  MEP  is  controlled 
by  the  pilot.  A  composite  mission  scenario,  developed  by  AFAMRL,  is  also 
described.  Section  3  contains  descriptions  of  five  crew  system  concepts, 
each  employing  a  different  version  of  VPD  technology.  Section  4  discusses 
workload  and  its  measurement.  Particular  emphasis  is  placed  on  SWAT  and  its 
predictive  application.  Section  5  presents  the  methodology  followed  in  a 
field  data  collection  exercise  in  which  SWAT,  and  other  tools,  were  applied 
in  order  to  gain  early  insight  into  the  levels  of  workload  that  might  be 
associated  with  the  VPD  concepts  and  LHX  mission.  Section  6  contains  an 
analysis  of  the  field  data,  and  Section  7  nresents  the  results  and  conclu¬ 
sions  derived  from  the  analyzed .data. 
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Section  2 
LHX-SCAT 


OVERVIEW 

The  post-1985  battlefield  will  be  characterized  by  highly  fluid  tactical 
situations  which  will  necessitate  the  rapid  and  flexible  employment  of 
capable  weapon  systems  in  accomplishing  a  variety  of  complex  mission  objec¬ 
tives.  Both  the  fast  pace  of  the  land  battle  and  the  degree  of  sophistica¬ 
tion  of  enemy  countermeasure  systems  will  force  the  command,  control, 
communications,  and  intelligence  functions  to  operate  under  conditions  of 
incomplete  information.  This  will,  in  turn,  require  the  employment  of  tac¬ 
tical  assets  which  are  effective  in  an  autonomous  role  against  a  variety  of 
targets,  which  are  capable  of  rapidly  responding  to  changing  mission  types 
and  objectives,  and  which  are  inherently  survivable  in  the  face  of  the  num¬ 
bers,  types,  and  capabilities  of  enemy  threat  systems  expected  to  be  encoun¬ 
tered  and  overcome.  These  problems  will  be  compounded  by  the  probability 
that  LHX  will  operate  in  a  nuclear/biologic/chemical  (NBC)  environment. 

The  LHX  program  goal  (as  described  by  Tomaine,  1984)  is  to  provide  the 
scout/attack  (SCAT)  and  utility/observation  (UH)  aircraft  needed  to  survive 
in  this  extremely  hostile  environment.  [The  SCAT  and  UH  versions  will  share 
common  vehicle  dynamics  (i.e.,  engine,  rotor,  drive)  but  will  ba  based  on 
different  fuselages  and,  more  importantly  for  the  purposes  of  tris  document, 
employ  different  avionic  suites,  including  the  crew  system. J  An  enhanced 
nap-of-the-earth  (NOE)  flight  capability  together  with  Increased  speed  and 
agility  will  make  it  more  survivable  in  combat.  Advanced  sensors  and  other 
avionics  i  11  support  sustained  all-weather,  day/night  operational  effec¬ 
tiveness.  The  avionics  suite  will  also  assure  threat  warning  and  coun¬ 
tering,  including  substantial  self-protection  capability,  across  the 
electro-magnetic  spectrum.  A  highly  integrated  crew  system,  including  large 
field-of-view  (FOV),  panoramic  information  display  technology,  will  support 
heightened  battlefield  awareness  and  reduce  crew  workload  compatible  with 
one-man  operability.  Ordnance  load-out  and  fire  control  mechanization  will 
provide  substantial  offensive  and  defensive  air-to-ground  and  air-to-air 
weapon  delivery,  resulting  in  greatly  increased  target  servicing  rates. 
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The  SCAT  mission  types  include  reconnaissance  and  security,  antiarmor/ 
material/personnel,  anti-helicopter,  suppression  of  enemy  air  defenses 
(SEAO),  and  cross  forward  line  of  troops  (FLOT)  operations.  The  last  three 
mission  types  are  new  Army  21  missions  for  light  helicopters  (lomaine,  1984). 

Crewstation  design  is  critical  to  the  achievement  of  LHX  system  capabili¬ 
ties.  In  developing  a  rationale  for  LHX  c rev.’  system  concepts,  the  SCAT 
mission,  because  of  its  higher  inherent  system  tasking  and  more  severe 
survivability/effectiveness  goals,  provides  an  appropriate  context  for 
exploring  design  approaches. 

Although  the  crew  size  issue  (one  or  two  “pilots")  is  not  yet  resolved,  the 
LHX  has  single  pilot  operability  as  a  design  goal.  Significant  weight 
savings  result,  even  in  the  case  of  a  redesign  from  a  two  place  rotorcraft, 
which  can  be  capitalized  on  in  terms  of  increased  range  and/or  increased 
(weapons)  payload. 

Around-the-clock  operation  of  the  LHX  force  will  be  required  in  order  to 
deny  the  enemy  any  possible  "night  sanctuary."  Navigation  and  pilotage 
functions  must  be  carried  out  under  all  weather  conditions,  and  the  weapon 
system  must  be  capable  of  acquiring  and  destroying  targets  under  adverse 
weather  conditions  or  in  the  presence  of  battlefield  smoke  or  obscurants. 

The  force  must  be  capable  of  deployment  to  any  theatre  in  the  world  and  must 
be  able  to  perform  sustained  operations  under  adverse  environmental  condi¬ 
tions.  Operations  will  be  carried  out  from  both  developed  and  forward/ 
remote  bases,  with  unconventional  landing  sites  employed  as  needed. 

MISSION  EQUIPMENT  PACKAGE  (MEP) 

Two  concepts  support  the  consideration  of  a  fully  mission-capable,  one  pilot 
LHX-SCAT  crewstation.  These  are: 

•  A  High  Level  of  System  Automation  and  Integration 

•  A  Wide  FOV  Panoramic  Virtual  Image  Display 


Together,  they  provide  the  enhanced  degree  of  battle  awareness  needed  to 
rapidly  make  correct  decisions,  the  superior  level  of  system  responsiveness 
needed  to  execute  these  decisions  precisely  and  accurately,  and  the  effi¬ 
ciency  of  greatly  reduced  crew  workload  needed  to  sustain  the  high  level  of 
system  activity  associated  with  the  aggressive  conouct  of  the  LHX-SCAT 
mission.  It  is  the  successful  synthesis  of  automation,  integration,  and 
situational  awareness  capabilities  that  makes  feasible  a  single-crewmember 
approach  to  the  LHX-SCAT  mission.  Fa. lure  in  any  one  of  these  three  man- 
machine  interface  (MMI)  areas  would  result  in  levels  of  workload  beyond  the 
capab  lities  of  single-place  operation. 

From  the  pilot's  point  of  view,  both  literally  and  figuratively,  the  virtual 
panoramic  display  (VPO)  is  the  focus  of  the  man-machine  interface.  The  LHX 
crew  system  is  critical  to  mission  effectiveness  and  survivability.  The 
soldier-machine  interface  is  based  on  integrated  cockpit  controls  and  dis¬ 
plays,  voice  interactive  control  (of  noncritical  functions),  and  advanced 
fire  and  flight  control  systems.  Avionics  integration  Le.g.,  visually 
coupled  systems  (VCS)J  and  miniaturization  Le.g.,  very  high  speed  integrated 
circuits  (VHSIC)J  are  required  for  achieving  the  required  system  capabili¬ 
ties  within  the  weight/volume/power  constraints  of  a  lightweight  helicop¬ 
ter.  Many  of  the  mission-required  crew  system  functional  capabilities  are 
achieved  through  the  incorporation  of  an  advanced  night  navigation  and 
pilotage  system. 

The  following  subsections  identify  and  describe  those  portions  of  the  MEP 
that  most  directly  impact  the  crew  system.  Controls,  displays,  and 
information  sources  are  addressed. 


Controls  and  Displays 

The  LHX  crewstation  will  be  designed  to  complement  the  high  degree  of 
automation  inherent  in  the  MEP.  An  enhanced  battlefield  awareness  capa¬ 
bility  can  be  supported  by  the  VPO,  allowing  the  pilot-soldier  to  rapidly 
and  naturally  assess  both  the  external  world  and  the  status  of  the  rotor- 
craft's  subsystems  in  order  to  gather  mission-relevant  information  and  to 
execute  combat  decisions  and  tasks.  Emphasis  is  placed  on  the  reduction  of 
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workload  through  automation  and  information  fusion.  Backup  modes  would  be 
provided,  although  their  use  would  probably  result  in  degraded  mission 
effectiveness  and/or  increased  crew  workload. 

a.  Virtual  Panoramic  Display  (VPD).  This  display  would  be  the  primary 
source  of  flight  control,  pilotage,  navigation,  and  situational 
awareness  information.  Imagery  and  symbology  from  the  several 
information  sources  listed  below  will  be  presented  in 
combination.  (Five  alternative  approaches  to  achieving  the  VPD  are 
described  in  Section  3.) 

b.  Multifunction  Displays  (MFD).  Panel -mounted  CRTs  would  be  employed 
(in  several  optional  configurations)  to  present  information  (either 
in  conjunction  with  or  as  backup  to  the  VPD)  and  to  provide 
alternative  means  of  controlling  subsystems. 

c.  Integrated  Multifunction  Keyboard  (IMFK) .  This  technology  would 
serve  (in  several  of  the  options  presented  in  Section  3)  as  the 
primary  means  for  selecting  and  controlling  subsystems  and  weap¬ 
ons.  Sensors  would  be  selected,  data  would  be  entered  into  the 
computer,  display  formats  would  be  changed,  weapons  would  be 
selected,  etc.,  by  means  of  this  integrated  control  head. 

d.  Bezel-Mounted  Pushbuttons.  These  controls  would  be  located  around 
the  periphery  of  the  MFDs.  The  labels  which  declare  the  function 
that  button  pressing  will  invoke  are  presented  as  alphanumerics  or 
graphics  on  the  MFD  surface  and  would  change  with  both  the  informa¬ 
tion  currently  being  presented  and  with  the  alternative  display 
formats  or  system  modes  that  may  be  requested.  The  pushbuttons 
would  provide  a  backup  capability  to  the  IMFK. 

e.  Voice  Interactive  Avionics  (VIA).  Selected,  nonflight  critical 
cockpit  functions  would  be  executed  through  voice  control. 

Changing  radio  channels,  tuning  the  attitude/direction  finder  (ADF) 
and  nav/comm  radios,  selecting  mission  equipment  modes,  changing 
the  transponder  code,  controlling  cockpit  lighting,  calling  up 


flight  computer  data,  annotating  digital  maps,  and  entering/ 
recalling  nav  waypoint  data  are  all  functions  that  have  been 
suggested  for  VIA  implementation. 


f.  Collective  head  and  pilot's  grip  switches.  Certain  control  func¬ 
tions  (e.g.,  slewing  a  cursor,  selecting  a  weapon)  may  be  executed 
by  means  of  switches  and  transducers  located  on  the  flight  con¬ 
trols.  This  obviates  the  need  for  the  pilot  to  remove  his  hand 
from  the  flight  controls. 

Information  Sources 


Both  imagery  and  symbology  will  be  presented  to  the  pilot.  The  following 
elements  of  the  ME?  serve  as  information  sources  for  cockpit  display. 

a.  Night  Vision  Pilotage  System  (NVPS).  A  wide  field-of-view 

(120  degrees  V  by  220  degrees  H)  night  imaging  system  [employing 
forward  looking  infrared  (FUR)  or  FUR-1  ike  sensing  technology] 
will  provide  a  video  rendition  of  the  "real  world."  NVPS  imagery 
will  be  aircraft  stabilized  and  displayed  on  the  VPO  in  registra¬ 
tion  and  at  1:1  scale  with  respect  to  the  outside  world.  The 
imagery  will  be  useful  for  navigation  and  terrain/large  obstacle 
(e.g.,  trees)  avoidance. 

b.  Electro-Optical  Target  Acquisition  and  Designation  System 
(EOTAOS).  This  system  will  be  composed  of  three  elements:  a  nar¬ 
row  field-of-view  FUR  sensor,  a  low  light-level  television  (LLTV) 
sensor,  and  a  laser  designator  subsystem.  The  high  resolution, 
high  sensitivity  sensors  will  produce  video  which  is  feJ  to  the 
automatic  target  recognizer(s)  (ATR).  The  ATR  will  produce  sym¬ 
bology  showing  target  type  and  location  within  the  NVPS  display  bn 
the  VPO.  The  pilot  may  be  able  to  call  up  the  actual  video, 
against  which  the  ATR  cue  was  generated,  for  display  on  an  MFD  or 
as  a  video  inset  in  the  NVPS  imagery.  The  field  of  regard  of  the 
sensors  will  be  the  same  as  the  field  of  view  of  the  NVPS  (i.e., 
120  degrees  V  by  220  degrees  H).  The  laser  designator  (LO) 
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provides  target  designation  for  the  HELLFI RE  air-to-ground  (A/G) 
missiles  (which  may  be  fired  in  either  lock-on  before  or  lock-on 
after  launch  modes).  LD  “armed"  and  "firing"  information  will  be 
displayed  through  symbology.  Associated  with  EOTADS  will  be  an 
automatic  target  track  capability  which  will  allow  sensors,  weap¬ 
ons,  and/or  the  LD  to  track  a  designated  point  on  sensors,  weap¬ 
ons,  and/or  the  LD  to  track  a  designated  point  on  the  ground  (to 
the  limits  of  their  respective  fields-of-view/regard) .  Similarly, 
automatic  sensor/weapon  correlation  will  permit  weapons  to  be 
assigned  against  (prioritized)  ground  tragets.  Each  of  these 
automated  functions  will  produce  corresponding  status/mode  sym¬ 
bology  on  the  VPD  (and/or  other  display). 

Millimeter  Wave  (MMW)  Radar.  This  equipment  will  exploit  a 
complex  waveform  to  obtain  multiple  target  signature  information 
(cross  section,  range,  range  profile,  etc.)  in  both  A/A  and  A/G 
search  modes.  The  information  will  be  fed  to  an  ATR  and  target 
type/position  symbology  will  be  displayed  on  the  VPD.  Addition¬ 
ally,  the  MMW  radar  will  be  employed  to  sense,  compute,  and 
generate  terrain  contour  traces  at  four  preselected  ranges 
perpendicular  to  the  LHX  flight  path.  These  traces  will  be  dis¬ 
played  as  overlays  on  the  NVPS  video  on  the  VPD. 

Automatic  Target  Recognizer(s)  (ATR).  Target  signature  data  from 
the  FLIR,  LLTV,  and  MMW  radar,  together  with  range  information 
from  the  LO/R,  will  be  exploited  to  produce  target  recognition 
symbols  which  will  be  displayed,  in  their  respective  locations, 
against  the  NVPS  video  or  against  digital  map  imagery  on  the 
VPD.  (The  possible  use  of  ATR-processed  video,  either  on  a  MFD  or 
as  a  video  inset,  has  been  mentioned.) 

Automatic  Target  Handoff  System  (ATM).  The  locations  of  auto¬ 
nomously  or  externally  determined  targets  is  passed  to  (and  from) 
the  LHX  targeting  system.  (Additionally,  known  target  locations 
may  be  entered  through  the  keyboard  into  the  targeting  system.) 
Target  type/location  symbology  is  displayed  on  the  VPD. 


f.  Position  Location  Reporting  System./Joint  Tactical  Information 
Distribution  System  (PLRS/JTIDS)  Hybrid  (PJH):  This  combination 
of  the  Position  Location  Reporting  System  (PLRS)  and  the  Joint 
Tactical  Information  Distribution  System  (JTIDS)  will  provide  an 
automated  means  of  obtaining  information  as  to  the  locations  of 
friendly  and  enemy  forces.  (PLRS  is  a  computerized  network  of 
ground  and  airborne  radios  that  automatically  reports  the  position 
of  aircraft,  vehicles,  and  ground  troops  and  provides  designated 
battlefield  flight  corridors  through  which  network  aircraft  can 
navigate  and  be  free  from  friendly  ground  fire.  JTIDS  is  a 
secure,  high  speed  data  transmission  system  between  radars,  ground 
troops,  air  defense  systems,  vehicles,  and  aircraft.  It  provides 
information  on  the  location  of  friendly  and  enemy  units.)  PJH 
symbology  will  be  overlayed  on  the  NVPS  and/or  the  digital  map.  ' 

g.  Digital  Map:  Tactical  map  information  will  be  stored  or.  the  LHX 
in  digital  form.  Driven  by  present  position  information  from  the 
navigation  processor,  the  map  will  display  natural  and  cultural 
features  in  the  vicinity  of  the  aircraft.  Forward  perspective 
terrain  elevation  map  information  would  be  presented,  in  registra¬ 
tion  and  at  1:1  scale  with  respect  to  the  outside  world,  on  the 
VPD.  Plan  view  map  information  would  be  presented  on  an  MFD 
employing  full  color  rendition.  The  map  data  base  and  processor 
would  support  the  computation  and  display  of  intervisibility 
information  (i.e.,  clear  1  ine-of-sight)  and,  exploiting  threat 
type  and  location  data  (such  as  from  the  PJH),  would  be  capable  of 
generating  contour  lines  of  constant  LHX  survivability*  for  route 
selection.  Other  information,  overlayed  on  the  digital  map  dis¬ 
play,  would  include  waypoints,  ground  speed,  time-to-waypoint/ 
target,  distance  to  waypoint/target,  range  (map  scale),  and  nav¬ 
igation  course. 

h.  Radar  Altimeter  (RA):  This  subsystem  will  provide  accurate  alti¬ 
tude  information  to  the  point  on  the  ground  directly  beneath  the 
rotorcraft.  This  information  will  be  displayed  to  the  pilot  as  a 
digital  readout  (or  graphic)  on  the  VPCf. 
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i.  Airborne  Survivability  Equipment  (ASE):  Composed  of  a  RF  warning 
receiver  (RWR)  and  display  system,  a  RF  jammer,  an  IR  jammer,  and 
a  laser  warning  receiver,  this  suite  will  detect,  identify,  and 
respond  to  threat  systems.  The  direction-finding  capability  of 
the  equipment  will  provide  approximate  threat  location  informa¬ 
tion.  Display  of  these  data  in  the  crewstation  will  support 
threat  countering  and  route  (re)planning. 

j.  CO^  Laser:  This  technology  represents  a  possible  growth  option 
for  the  LHX .  It  would  be  used  for  obstacle  (particularly  wire) 
detection.  Laser  “armed"  and  "firing“  status  information  would  be 
displayed  on  the  VPD.  Obstacle  location  information  would  also  be 
displayed  to  the  crewmember. 

k.  Weapon  Delivery:  Weapon  symbology  for  gun,  missile,  and  laser 
status  will  be  displayed  on  the  VPD. 

l.  Backup  Instruments:  Although  the  VPO  will  be  the  primary  flight 
control  display,  dedicated  “round  dial"  instruments  will  be  main¬ 
tained  as  backup  to  the  primary  display.  These  will  include  air¬ 
speed,  barometric  altitude,  vertical  speed,  attitude  (ADI),  and 
clock. 

MISSION  SCENARIO 

Two  objectives  were  addressed  in  the  process  of  creating  a  representative 
mission  scenario  for  the  LHX/SCAT  weapon  system.  First,  the  scenario  served 
to  provide  context  in  seeking  to  understand  how  elements  of  the  MEP, 
including  the  VPD,  might  contribute  to  the  total  mission  capability  of  the 
aircraft,  (It  also  served  as  a  means  of  verifying  that  all  required  system 
functions  could,  at  least  at  the  present  conceptual  level,  be  supported  by 
capabilities  inherent  in  the  MEP.)  Second,  the  scenario  provided  the  situa¬ 
tional  context  required  during  the  administration  of  the  Pro-SWAT  instru¬ 
ments  for  workload  estimation. 


The  mission  was  created  on  the  basis  of  available  Information  Including 
mission  profile  data  prepared  by  the  Directorate  of  Combat  Developments.  It 
was  refined  through  discussions  with  representatives  of  the  Army  Aviation 
Center  and  the  LHX  Program  Management  Office. 

Description 


A  composite  mission  was  created  in  order  to  assure  that  a  wide  variety  of 
crewstation  functions  would  be  represented.  Thus,  the  mission  includes 
segments  which  individually  emphasize  antiarmor,  SEAD,  and  antiair  tasking. 
Changes  in  mission  priorities  occurred  as  the  mission  progressed  from  seg¬ 
ment  to  segment,  which  caused  additional  activity  in  the  cockpit. 

The  mission  is  set  in  central  Europe,  shortly  after  the  outbreak  of 
conventional  warfare.  Army  ground  forces  (tanks  and  infantry),  supported  by 
AH-64  APACHE  advanced  attack  helicopters  (AAHs),  are  holding  a  major  enemy 
thrust  along  lines  of  communication  (LOCs)  to  the  north  of  the  LHX  penetra¬ 
tion  route.  An  eight-ship  flight  of  LHX/SCATs  is  tasked  with  attacking  a 
Soviet  armored  battalion  located  at  an  assembly  area  30  to  40  km  beyond  the 
forward  line  of  troops  (PLOT).  Destruction  of  this  second  echelon  force 
will  prevent  reinforcement  of  the  already  engaged  enemy  units. 

Figure  1  presents  a  graphic  overview  of  the  LHX/SCAT  mission.  The  eight- 
ship  flight  (call  sign  BLACKJACK)  takes  off  from  the  base  (Point  A)  at 
2300  hours  local  time.  All  aircraft  are  identical  and  each  is  armed  with 
four  HELLFIRE  A/G  missiles,  two  STINGER  A/A  missiles,  and  260  rounds  of 
30  mm  ammunition  for  the  gun.  The  primary  targets  are  the  37-plus  enemy 
tanks  that  constitute  the  mass  of  the  armored  battalion.  Secondary  targets 
are  the  mobile  air  defense  weapons  (ZSU-XX  and  SA-XX)  colocated  with  the 
tanks.  Tertiary  targets  are  the  armored  personnel  carriers  (APCs),  trucks, 
and  other  support  vehicles  that  comprise  the  remainder  of  the  enemy  force: 
Time  on  target  is  briefed  to  be  0010  hours  local.  The  mission  duration  is 
to  be  two  and  a  half  hours,  including  the  attack  against  the  enemy  ground 
force  and  return  to  base.  The  weather  both  along  the  route  and  in  the 
target  area  is  34UF,  patchy  fog,  and  cloud  ceilings  at  4,000  feex..  High 
cover  will  be  provided  by  a  four-ship  flight  of  Air  Force  F-15s  at 
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Figure  1.  Overview  of  LHX/SCAT  Mission 


15,000  feet  which  will  be  operating  In  the  area  under  airborne  warning  and 
control  system  (AWACS)  direction.  The  IHX  tactics  for  the  mission  are 
briefed  to  emphasize  contour  flight  between  the  FLOT  and  the  planned  battle 
position  during  both  ingress  and  egress;  terrain  and  foliage  masking, 
together  with  high  speed  dashes  across  open  areas,  provide  for  stealthy 
transit  of  enemy-held  terrain  and  offer  the  advantage  of  surprise  in  any 
chance  encounter  with  enemy  defenses. 

✓  * 

The  LHXs  will  be  vulnerable  to  numerous  enemy  weapon  systems  during  the 
course  of  the  mission.  These  threat  systems  will  be  defeated  by  avoidance, 
evasion,  countering,  or  engagement.  Threat  systems  for  which  a  high  prob-  ^ 

ability  of  encounter  exists  include  air  defense  artillery  (guns,  directed 
energy  weapons,  and  surface-to-air  missiles),  surface-to-surface  artillery, 
tank  main  guns,  soldier-fired  and  crew-served  small  caliber  guns,  ground 
launched  antitank  guided  missiles,  and  enemy  close  air  support  (CAS)  air¬ 
craft  (including  both  high  performance,  fixed  wing  types  and  helicopters). 

(Tne  circular  arcs  depicted  on  Figure  1  represent  the  threat  envelopes  ov 
the  enemy  surface-to-air  systems.) 

Although  constituted  of  identical  rotorcraft,  carrying  identical  weapon 
loads,  three  distinct  roles  are  established  in  terms  of  mission  tasking. 

Two  aircraft,  one  of  which  serves  as  the  mission  commander,  are  assigned 
primary  responsibility  for  combat  security.  Two  others  are  tasked  to  serve 
the  flight  as  scouts  during  penetration,  ingress,  and  egress  and  to  perform 
SEAD  during  the  attack  phase  of  the  mission.  The  remaining  four  ships  are 
tasked  to  carry  out  the  antiarmor  attack.  Each  aircraft  is  capable  of  per¬ 
forming  all  required  functions;  the  differentiation  in  the  roles  to  be  per¬ 
formed  during  the  execution  of  the  mission  simply  reflects  a  prioritization 
in  tasking.  V 

After  takeoff,  the  cell  performs  contour  flight  (160  kts,  40  km)  to  a 

refueling  point  (B)  where  tanks  are  filled.  The  cell  transits  (contour 

flight,  160  kts,  15  km)  to  point  C  where  final  subsystem  checks  are  carried 

out,  the  penetration  formation  is  established,  and  monitoring  for  enemy 

threat  systems  begins.  The  FLOT  is  crossed  and  ingress  (between  points  C 

and  0)  is  conducted  so  as  to  maximize  stealth  and  surprise  (contour  flight,  j 
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130  kts,  20  km),  k.ien  point  U  is  achieved,  the  flight  turns  toward  the 
planned  battle  position  (point  E)  and  employs  contour  flight  to  reach  it 
(130  kts,  15  km).  (Disengagement  from  battle,  egress,  and  return  to  base 
are  performed  in  similar  fashion.) 

Tasks 


The  following  sequence  of  tasks  (Table  1),  described  from  the  viewpoint  of 
the  mission  commander,  ieflects  the  activities  of  the  flight  from  the  time 
that  it  approaches  the  battle  position  (point  E)  to  the  time  that  it  departs 
it.  Although  sequentially  numbered,  many  tasks  may  in  fact  be  grouped  for 
simultaneous  execution.  Information  sources  exploited  in  performing  major 
tasks  are  identi fied. 
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TABLE  1.  LHX/SCAT  MISSION  SCENARIO  TASKS 

1.  Fly  aircraft  at  minimum  contour  altitude  (using  primary  flight 
Instruments  on  VPD,  MMW  terrain  traces,  and  NVPS) 

2.  Monitor  for  threats  (VPO  and/or  RWR) 

3.  Command  system  self-tests  to  assure  own-ship  health 

4.  Check  fuel  status 

5.  Select/verify  appropriate  map  display  (scale  and  orientation) 

6.  Correct  alrcraft/fl ight  heading  to  point  E  and  note  ETA/ETE  (VPD) 

7.  Crosscheck  primary  and  backup  flight  instruments 

8.  Configure  displays  for  ai r-to-ground  attack 

9.  Notify  flight: 

a.  at  point  E 

b.  to  descend  and  slow  to  hover 

c.  that  the  combat  security  aircraft  are  cleared  to  fly  north  to 
point  F  (NOE,  5  km) 

10.  Fly  aircraft  to  NOE  and  take  up  hover  (VPO) 

11.  Check  that  all  aircraft  are  In  hover  and  are  masked  (visual,  NVPS, 
and/or  EOTAOS) 

12.  Notify  attack  force  to  hold  position 

13.  Notify  second  scout  to  move  forward  in  NOE 

14.  Fly  ownship,  NOE,  to  first  observation  position 

15.  Hover,  masked,  at  observation  position 

16.  Acknowledge  combat  security  ships  are  on  station 

17.  Confirm  second  scout  in  position  and  is  ready  to  begin  target  area 
search 

18.  Command  "unmask" 

19.  Fly  aircraft  to  HOGE,  unmasked  (NVPS) 

20.  Scan  target  area  (visual,  NVPS,  EOTADS,  MMW,  ATR) 

21.  Call  general  target  locations  to  second  scout  (comm) 
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TABLE  1.  LHX/SCAT  MISSION  SCENARIO  TASKS  (continued) 


22. 

Send  targets  to  scout  and  attackers  (ATH,  PJH) 

23. 

Observe/monitor  contact  by  SAM  (ASE,  RWR,  VPD)  and  send 
scout 

to  second 

24. 

Confirm  ECM  on  (ASE,  VPD) 

25. 

Command  second  scout  to  remask  and  confirm  his  safety 

26. 

Take  up  hover  in  position  masked  from  mobile  SAM 

27. 

Acknowledge  SAM  calls  from  scout 

28. 

Scan  for  other  threats  and  targets  (ASE,  EOT ADS) 

29. 

Select  optimum  approach  route  for  attack  force 

30. 

Handoff  threat/target  location  to  attackers  and  confirm 
PJH,  comm) 

receipt  (ATH, 

31. 

Transmit  attack  route  and  tactic 

32. 

Command  scout  to  move  to  new  position 

33. 

Fly,  NOE,  to  new  position  (VPD,  NVPS,  MMW) 

34. 

Hover,  masked 

35. 

Monitor  PLRS  for  scout  location  and  attack  force  movement  (VPD) 

36. 

Acknowledge  attack  force  in  position 

37. 

Send  updated  locc*ion  of  SAM 

38. 

Review  tasking  witn  flight  (scouts  to  perform  SEAD  and 
anti'armor  role) 

four  ships  in 

39. 

Command  "unmask-  for  all  aircraft 

40. 

Fly  toward  SAM,  NOE  (VPD,  RWR) 

41. 

Monitor  for  threats  (RWR,  ASE) 

42. 

Acknowledge  SAM  contact  by  scout 

43. 

Acknowledge  SAM  contacts  by  attackers 

44. 

Call  SAM  contacts  and  send  locations 

45. 

Command  scout  to  hold  position 
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TABLE  1.  LHX/SCAT  MISSION  SCENARIO  TASKS  (continued) 

46.  Fly,  NOE,  to  affective  weapon  range  (VPO) 

47.  Select  HELLFIRE 

48.  Select  SAM  target  (VPO,  ATR,  EOTAOS) 

49.  Command  LO  autotrack 

50.  Slow  aircraft  to  H06E 

51.  Confirm  HELLFIRE  lock-on  (VPO) 

52.  Fire  HELLFIRE 

53.  Acknowledge  AAA  fire  from  attackers 

54.  Call  "SAM  destroyed" 

55.  Notify  force  to  take  advantage  of  reduced  SAM  coverage 

56.  Observe/send  tank  movements  (VPO,  EOTAOS,  ATR,  ATH,  PJH) 

57.  Fly,  NOE,  towards  tanks 

58.  Fly  maximum  performance  maneuver  to  avoid  AAA  fire 

59.  Fly,  NOE,  toward  new  masking  position 

60.  Receive  and  acknowledge  "Bandit"  warning  call  from  AWACS 

61.  Confirm  combat  security  ships  have  received  Bandit  call 

62.  Acknowledge  F-15s  have  "negative  targets” 

63.  Hover,  masked,  in  new  position 

64.  Monitor  PJH  for  hostile  aircraft 

65.  Call  AWACS  for  Bandit  location 

66.  Monitor  PJH  (VPD) 

« 

67.  Acknowledge  combat  security  force  has  four  HIND,  200  feet,  engaging 

68.  Select  ambush  position  between  hostiles  and  A/G  attack  (VPD,  map) 

69.  Command  second  scout  to  ambush  position 

70.  Fly,  NOE,  toward  ambush  location  (VPD,  NVPS,  MMW) 
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TABLE  1.  LHX/SCAT  MISSION  SCENARIO  TASKS  (continued) 


71.  Acknowledge  combat  security  call:  two  HINDs  shot  down,  two 
penetrating  security,  using  IR  flares 

72.  Select  A/A  mode  on  displays  (VPO) 

73.  Select  STRINGER 

74.  Scan  for  HINDs  (VPD,  NVPS,  EOTADS ,  MMW) 

75.  Monitor  PJH  (VPD) 

76.  Acknowledge  loss  of  A/G  LHX  to  ground  fire 

77.  Obtain  (VPD,  ATR,  MMW,  EOTADS)  and  call  HIND  sighting  to  second  scout 

78.  Slow  aircraft  to  HOGE 

79.  Select  target 

80.  Confirm  STINGER  lock-on  (VPD) 

81.  Call  "engaging" 

82.  Confirm  target  within  range  (VPD) 

83.  Fire  STINGER 

84.  Fly  aircraft  to  avoid  gunfire  from  second  HIND 

85.  Acknowledge  "engaging"  call  from  second  scout 

86.  Monitor  PJH  for  other  a*  "craft  (VPD) 

87.  Acknowledge  destruction  of  second  HIND 

88.  Fly,  NOE,  toward  antiarmor  LHXs 

89.  Check  fuel  status 

90.  Call  flight  for  fuel/weapon  status 

91.  Command  all  aircraft  to  disengage  and  return  to  battle  position 
(Point  E) 

92.  Select  map  display  and  find  heading  to  B.P. 

93.  Select  ai r-to-ground  mode 

94.  Fly,  NOE,  on  course  toward  B.P. 
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TABLE  1.  LHX/SCAT  MISSION  SCENARIO  TASKS  (continued) 


95. 

Monitor  PJH  for  other  aircraft 

96. 

Notify  flight  to  hover  at  B.P.  until  flight  reformed 

97. 

Monitor  for  aircraft  approaching 

B.P.  (VPD,  PLRS ,  NVPS) 

98. 

Hover,  masked,  at  B.P.  until  all 

friendly  aircraft  have  rejoined 

99. 

Call  "flight  departing  B.P." 

1 
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Section  3 

CREW  SYSTEM  CONCEPTS 

REQUIREMENTS  FOR  A  VPO 

One  of  the  major  factors  that  serves  to  structure  the  LHX  crew  system 
concepts  is  the  specification  that  the  weapon  system  is  to  be  single-pilot 
operable.  A  one-placa  aircraft,  exploiting  a  highly  capable  MEP  and  per¬ 
forming  a  complex  mission,  must  be  highly  integrated  and  highly  automateo  in 
order  to  carry  out  its  assigned  mission.  The  VPD  serves  as  the  major  inte¬ 
grative  force  in  the  crew  system. 

MEP  Drivers  for  a  VPO 

To  the  extent  that  the  single  crewmember  may  be  considered  a  part  of  the 
MEP,  a  single,  primary  display  is  required  to  support  his  accomplishment  of 
situational  assessment,  decision-making,  and  functional  execution  tasks.  An 
integrated  flight  control  display  is  required  to  reduce  workload  and  to  sup¬ 
port  “heads-up"  flying  (a  concept  already  supported  by  the  presence  of  VIA 
and  the  presence  of  switches/transducers  on  the  flight  controls).  The  VPO 
is  the  primary  flight  control  instrument.  The  NVPS  provides  the  pilot’s 
primary  source  of  contact  with  the  external  world  (especially  at  night)  and 
the  VPO  is  the  means  of  displaying  that  imagery.  The  digital  map  (forward 
perspective  mode)  provides  a  data  base  of  terrain  elevation  information  and 
of  cultural  and  natural  features.  The  VPD  serves  to  transfer  that  informa¬ 
tion  to  the  pilot.  Correlation  of  NVPS  and  digital  map  information  provides 
an  autonomous  navigation  update  capability.  The  NVPS  and/or  digital  map 
provide  contextual  meaning  to  the  terrain  traces  generated  by  the  MMW  radar 
and  to  the  target  location  cues  provided  by  the  ATR  and  ATH.  The  VPD  serves 
to  fuse  sensor  imagery,  computer  generated  imagery,  and  radar  and  target 
type/priority  symbology. 

Mission  Orivers  for  a  VPD 

The  nature  of  the  LHX-SCAT  mission  also  makes  a  compelling  argument  for  the 
inclusion  of  a  VPO  as  a  situational  awareness  display.  With  a  single  pilot. 
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all  sources  of  mission-critical  information  must  be  presented  for  Immediate 
assimilation.  Oivision  of  duties  is  not  possible.  The  penetration, 
ingress,  attack,  and  egress  phases  of  the  mission  are  typified  by  maneu¬ 
vering  at  low  altitude  (at  and  below  tree-top  level).  Stealth  helps  to 
assure  survivability.  Target  acquisition  and  weapon  delivery  will  be 
performed  with  minimum  exposure  of  the  LHX  to  threats.  Threat  detection, 
assessment,  and  countering  will  be  performed  rapidly  and  accurately.  Multi¬ 
ship  formations  and  tactics  will  be  maintained.  The  overall  battle  manage¬ 
ment  function  will  be  typified  by  numerous,  rapid  decision-making/execution 
events.  The  VPO  will  support  these  attributes  of  a  mission-effective  weapon 
system. 

VPD  CONCEPTS 

In  order  to  explore  the  VPO,  particularly  with  respect  to  crew  workload,  a 
set  of  crew  system  concepts  were  developed  to  a  first  order  level  of 
detail.  In  structuring  these  concepts,  certain  assumptions  were  made.  It 
was  assumed  to  be  highly  desirable  to  have  the  rOV  of  the  NVPS  available  as 
the  FOR  of  the  VPO.  Thus,  the  crew  system  concepts  are  based  on  VPOs  which 
exhibit  increasing  FOVs.  The  availability  of  digital  map  information  that 
is  suitable  for  display  in  full  color  (similar  to  a  paper  chart)  suggested 
that  color  displays  were  appropriate.  Thus,  color  display  capabilities  are 
included  in  the  concepts.  Hands-on  flight  control  was  assumed  to  be 
desired.  Thus,  the  concepts  exhibit  decreasing  reliance  on  the  MFPK  (which 
requires  manual  operation).  Additionally,  where  a  specific  VPO  concept  sup¬ 
ported  it,  evolutionary  adjustments  were  made  to  the  remaining  controls  and 
displays. 

A  baseline  crew  system  and  four  variations  (options)  derived  from  it  are 
presented  below.  The  capabilities  of  the  VPO  used  in  each  configuration 
variant  served  as  the  departure  point  for  configuring  the  total  crew  sys¬ 
tem.  To  the  extent  that  the  increased  FOV  of  the  VPD  options  can  be  consid¬ 
ered  to  bn  an  enhancement  to  system  capability,  the  five  concepts  represent 
a  baseline  configuration  and  four  enhanced  versions  of  it.  The  baseline  LHX 
configuration  could  fly  now.  It  is  very  similar  to  the  AHIP-equipped  KIOWA. 
Option  1  is  similar  to  the  AH-64  APACHE  and  employs  a  monocular  HMO  as  the 
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VPO.  Option  2  emoloys  a  medium  FOV,  binocular  helmet-mounted  display  while 
Option  3  employs  a  wide  FOV,  binocular  HMD.  Option  4  exhibits  a  wide  FOV, 
cockpit-mounted  display  as  the  VPO. 

Basel i ne 

Figure  2  illustrates  the  baseline  crewstation  concept.  Key  elements  of  the 
concept  include  the  VPO,  the  M^Ds,  and  the  control  mechanization. 

a.  VPO:  A  20-degree  V  by  30-degree  H  HUD  serves  as  the  primary 
flight  control  and  imagery/symbology  display.  Flight  control  sym¬ 
bology  and  alphanumerics  (pitch  ladder,  velocity  vector,  radar 
altitude,  etc.)  and  weapon  delivery  symbology  are  presented.  NVPS 
sensor  imagery  and  forward  perspective  view  digital  map  imagery 
are  presented  on  the  VPD  in  registration  and  at  1:1  magnification 
with  respect  to  the  outside  world.  Target  location  symbology  and 
radar  terrain  traces  are  overlayed  on  the  imagery.  A  “snap-look" 
or  "look-into-turn"  feature  allows  the  pilot  to  command  the  NVPS 
imagery  to  slew  1/2  of  the  HUD  FOV  left,  right,  up,  or  down, 
allowing  exploitation  of  a  40  degrees  V  by  60  degrees  H  FOR  with¬ 
out  requiring  a  change  in  the  aircraft's  flight  path. 

b.  MFDs:  Two,  color  MFCs  (one  5  inches  by  5  inches  and  the  second 

7  inches  by  7  inches)  are  mounted  in  the  central  panel.  They  will 
be  used  to  display  the  plan  view  digital  map,  to  verify  navigation 
data,  and  to  provide  a  "head  down"  source  of  flight  control  and 
navigation  information  such  as  Electronic  Horizontal  Situation  ' 
Indicator  (EHSI)  and  Electronic  Attitude  Direction  Indicator 
(EADI)  displays. 

c.  Controls:  The  pilot  grip  and  collective  head  are  the  flight 
controls.  The  MFPK  serves  as  the  primary  means  of  controlling  MEP 
subsystems  and  changing  modes  or  display  formats.  Pushbuttons, 
located  around  each  MFD,  will  also  serve  as  a  second  me^ns  in  con¬ 
trolling  the  MEP.  VIA  is  employed  to  control  noncritical  system 
functions. 
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20*  x  30*  HEAD  UP  DISPLAY  (HUD) 
WITH  SNAP  LOOK 


Figure  2.  LHX  Baseline  Configuration 


d.  Other:  Dedicated,  conventional  “round  dial”  type  displays  are 
provided  for  backup  instrumentation.  These  displays  are  arranged 
around  the  front  panel  and  include  engine  status,  clock,  radar 
warning  information,  vertical  speed  indicator,  airspeed  indicator, 
ADI,  and  barometric  altitude. 

Option  1 

a.  VPD:  This  configuration  is  depicted  in  Figure  3.  Option  I 
differs  from  the  baseline  in  that  the  HUD  has  been  replaced  by  a 
monocular,  helmet-mounted  display  (HMD).  The  FOV  of  the  HMO  is  30 
degrees  V  by  40  degrees  H.  The  FOR  of  the  HMD  is  (at  least)  the 
120-degree  V  by  220-degree  H  FOV  of  the  NVPS. 

b.  Other:  The  HMO  employs  six  degree-of-f reedom  head  position 
sensing  to  determine  the  boresight  of  the  pilot’s  look  angle. 

(This  direction  of  look  is  used  in  determining  the  portion  of  the 
NVPS  video,  and  other  registered  information,  to  display  to  him  at 
any  instant  in  time.)  Given  head  position  sensing,  then  the  HMD 
could  logically  also  carry  with  It  a  helmet-mount  sight  (HMS) 
capability.  The  HMS  in  Option  1  is  an  aiming  reticle  centered  in 
the  HMD  FOV.  It  is  employed  for  designating  waypoints  to  the 
navigation  computer  and  targets  to  the  weapon  delivery  computer  or 
to  the  ATH.  VIA  is  implemented  as  in  the  baseline  configuration. 

Option  2 

a.  VPD:  A  binocular  HMD  is  employed.  Its  FOV  is  60  degrees  V  by 
90  degrees  H,  with  30  degrees  H  overlap,  and  its  FOR  is  the 
120-degree  V  by  220-degree  H  FOV  of  the  NVPS.  Figure  4  depicts 
this  configuration. 

b.  MFD:  The  two  color  MFDs  of  the  baseline  and  Option  i  are  replaced 
by  a  single  12-inch  V  by  22-inch  H,  color,  panel-mounted  dis¬ 
play.  All  information  previously  available  (in  the  baseline  and 
Option  1)  is  still  available  on  this  single,  large  panel-mounted 
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30* X  40* 

HELMET  MOUNTED  DISPLAY  (HMD) 
WITH  MONOCULAR  FIELD-OF-VIEW 
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60*  x  90*  HELMET  MOUNTED  DISPLAY 

(SLEWABLE  TO  120*  x  220*)  BINOCULAR  FIELD-OF-VIEW  WITH  30*  OVERLAP 
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VOICE  INTERACTIVE 
AVIONICS  (VIA) 


Because  of  its  size,  multiple  information  sources  can  be  presented 
simultaneously. 

c.  Controls:  The  MFD  is  equipped  for  touch  control.  That  is,  the 
pilot’s  finger  need  only  point  to  an  area  of  the  display  surface 
in  order  to  activate  some  function.  By  presenting  a  menu  of 
functions  on  the  display  surface  and  exploiting  touch  control, 
display  formats  can  be  changed  and/or  HEP  subsystems  can  be 
controlled.  This  capability  is  assumed  to  make  the  MPO  at  '.east 
co-equal  to  the  MFPK  as  the  primary  subsystem  controller.  VIA  is 
retained  for  noncritical  functions. 


Option  3 


a.  VPD:  The  medium  FOV  binocular  HMD  (of  Option  2)  is  replaced  with 
a  large  FOV  (60  degrees  V  oy  120  degrees  H)  binocular  HMD  in  this 
configuration.  (See  Figure  5.)  The  FOR  remains  the  same.  The 
40-degree  overlap  is  considered  to  be  sufficiently  great  to 
adequately  support  the  coding  of  information  for  stereoscopic  per¬ 
ception.  This  additional  coding  dimension  could  be  employed  to 
emphasize  the  priority,  spatial  or  temporal  proximity,  or  crit¬ 
icality  of  the  information  along  an  apparent  distance  axis. 

b.  MFD:  Because  of  the  larger  FOV  of  the  VPD,  the  size  of  the  MFD  is 
reduced  to  a  7-inch  by  7-inch  color  display.  Touch  control  is 
retained.  MFD  display  formats  are  now  generated  within  non¬ 
critical  regions  of  the  FOR  of  the  HMD,  and  a  “virtual”  MFPK  is 
created. 

c.  Controls:  The  HMS  capability  is  exploited  both  as  a  target 
designator  and  as  a  controller  in  conjunction  with  the  virtual 
MFPK.  (The  actual,  hardware-based  MFPK  is  retained  as  a  backup 
control  head.) 


i 


* 


v 


•J .  Other:  The  previously  dedicated  "round  dial”  displays  are 

removed.  They  may  be  called  up  as  virtual  display  information 
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60*  x  120*  HELMET  MOUNTED  DISPLAY  (HMD) 


TABLE  2.  OVERVIEW  OF  LHX  CONE IGURAT IONS 


TABLE  2.  OVERVIEW  OF  LHX  CONFIGURATIONS  (continued) 


workload  are  exhausting  and  stressful  and  do  utilize  the  body's  physical 
energies.  The  proportion  or  physical  to  mental  energy  load  that  is  required 
by  a  given  task  is  difficult  to  quantify;  “all  tasks  have  some  of  each 
component  in  their  total  contribution  to  the  human  operator  workload" 
(Johannsen  et  al.,  1979).  The  predominance  of  mental  tasks  is  responsible 
for  unprecedented  increases  in  the  amount  of  workload  experienced  by  the 
ooerator  which  may  rnmorornise  the  performance  of  the  entire  human/machine 
system  (Reid  et  al.,  1984). 

Operationally ,  workload  has  been  defined  objectively  and  subjectively. 

Moray  (1980)  made  a  distinction  between  imposed  mental  load  and  subjective 
mental  load.  He  defined  imposed  mental  load  as  the  load  demanded  by  the 
task  and  measured  by  task  parameters.  Subjective  mental  load  he  defined  as 
the  load  perceived  or  experienced  by  the  operator. 

Just  as  there  is  no  single  agreed  upon  definition  of  workload,  there  is  no 
universally  accepted  metric  of  workload.  Considerable  scientific  effort  has 
been  directed  toward  defining  workload  and  developing  methods  for  measuring 
it  (Reid  et  al.,  1984).  However,  most  researchers  do  agree  upon  a  set  of 
characteristics  that  any  measurement  technique  should  possess.  Any  measure¬ 
ment  technique  should  have  face  validity;  it  should  seem  an  intuitively 
appropriate  measure.  It  should  be  sensitive  to  the  entire  range  of  specific 
human  performance  from  underload,  where  almost  none  of  the  operator's  capac¬ 
ity  is  being  employed,  to  overload,  where  all  of  the  operator's  capacity  is 
being  utilized  and  more  is  needed.  The  measure  should  be  nonintrusive  or  at 
least  reasonably  unintrusive;  measures  which  interfere  with  the  operator's 
normal  activities  may  yield  invalid  results.  General i zabil ity  is  an  impor¬ 
tant  attribute;  the  measure  should  yield  stable  reliable  results  between  and 
within  people  and  situations. 

There  are  three  major  categories  of  workload  measurement  techniques: 
physiological,  behavioral  or  performance,  and  subjective.  Physiological 
methods  involve  the  measurement  of  one  or  more  variables  related  to  the 
human  physiological  process.  The  underlying  assumption  is  that  as  operator 
workload  changes,  involuntary  changes  take  place  in  the  physiological  pro¬ 
cesses  of  the  human  body  (body  chemistry,  nervous  system  activity. 


circulatory  or  respiratory  activity,  etc.)  (Wlerwille,  1979).  O'Donnell 
(1979)  gives  a  complete  discussion  of  the  various  ohyslological  measurement 
techniques. 

The  logic  underlying  behavior/performance-based  measures  is  that  external 
behavior  reflects  internal  events  and  processes.  It  seems  logical  to  sup¬ 
pose  that  an  operator  is  beginning  to  exceed  his  ability  to  process  informa¬ 
tion  and/or  generate  appropriate  responses  when  he  begins  to  make  errors. 

The  two  major  classes  of  performance-based  measures  are  orimary  or  single 
task  measures  and  secondary  or  dual  task  measures.  In  the  former,  perform¬ 
ance  is  measured  for  one  or  more  tasks  performed  separately;  in  the  latter, 
two  tasks  are  performed  simultaneously  and  performance  on  the  lower  priority 
task  is  taken  as  an  index  of  the  amount  of  mental  capacity  not  required  for 
the  primary  task.  Both  methods  are  based  on  the  assumption  that  there  is  an 
upper  limit  to  the  amount  of  effort  that  can  be  exerted  to  meet  task 
demands,  and  that  decrements  in  performance  will  begin  to  appear  as  this 
upper  limit  is  approached.  Single  task  measures  are  discussed  in  detail  by 
Shingledecker,  Crabtree,  and  Acton  (1982)  and  secondary  task  measures  by 
Eggemeier  (1981). 

The  use  of  subjective  measures  of  workload  is  based  on  the  rationale  that  if 
an  operator  feels  loaded  and  effortful,  he  is  loaded  and  effortful,  regard¬ 
less  of  what  performance  measures  might  demonstrate  (Johannsen  ct  al., 

1979).  Johannsen  et  al.  have  suggested  that  prior  to  performance  breakdown, 
the  operator  might  be  working  harder  to  avoid  such  decrements,  and  that  sub¬ 
jective  feelings  could  be  used  as  an  indicant  of  the  additional  effort  which 
precedes  degraded  performam  Gartner  and  Murphy  (1976)  have  indicated 
that  when  subjective  impressions' of  workload  are  accepted,  the  operator's 
direct  perception  or  estimati  .  of  his  feelings,  exertion,  or  condition  may 
provide  the  most  sensitive  and  reliable  indicators  of  workload.  Moray 
(1980)  has  pointed  out  that  an  objectively  easy  task  may  be  experienced  as 
difficult  due  to  factors  such  as  fatigue  or  motivation.  Given  appropriate 
instructions  and  a  balance  between  speed  and  accuracy,  an  objectively  diffi¬ 
cult  task  may  be  experienced  as  less  effortful  or  difficult.  In  addition  to 
their  theoretical  importance,  subjective  techniques  have  a  number  of  char¬ 
acteristics  which  contribute  to  their  potential  utility  as  measures  of 


operator  workload  (Eggemeier,  1981).  They  are  relatively  easy  to  implement 
and  support  when  compared  with  many  physiological  and  performance-based 
measures.  Suojective  measures  minimize  instrumentation  requirements  and, 
therefore,  might  be  more  easily  implemented  in  an  operational  environment. 

If  implemented  correctly,  the  measures  can  be  relatively  nonintrusive  and 
should  not  disturb  primary  task  performance.  If  the  general  factors  that 
contribute  to  workload  ran  be  identified,  subjective  measures  could  be 
applicable  across  a  wide  range  of  situations,  while  performance-based 
techniques  are,  by  necessity,  situation  specific. 

A  variety  of  subjective  assessment  techniques  have  been  reported  in  the 
literature.  Daryanian  (1980)  used  a  Thurstonian  paired-comparison  procedure 
to  generate  an  interval  scale  of  workload  related  to  a  multicomponent  deci¬ 
sion  task.  Hicks  and  Wierwille  (1979)  applied  the  method  of  equal  appearing 
intervals  to  generate  rating  scale  responses.  This  method  successfully  dis¬ 
criminated  a  number  of  workload  conditions  in  a  driving  simulator.  Borg 
(1978)  has  reviewed  a  program  which  made  use  of  magnitude  estimation  tech¬ 
niques  and  category  scales  to  develop  indices  of  perceived  difficulty  in  a 
group  of  physical  and  cognitive  tasks.  The  program  explored  the  relation¬ 
ship  between  perceived  difficulty  and  task  characteristics  for  several 
cognitive  tasks.  High  correlations  were  obtained  between  subjective  and 
objective  measures  of  difficulty,  supporting  the  capability  of  subjective 
ratings  to  reflect  objective  levels  of  task  difficulty. 

SWAT 

Most  subjective  assessment  techniques  have  been  developed  for  a  particular 
application  and  are  not  easily  general izable.  SWAT  has  been  developed  by 
the  AFAMRL  as  a  candidate  generalized  procedure  for  scaling  pilot  mental 
workload  (Reid  et  al.,  1981).  SWAT  uses  a  psychometric  technique  known  as 
conjoint  measurement  to  construct  interval  level  workload  scales  from 
ordinal  rankings  of  combinations  of  levels  on  three  contributory  dimensions. 

Conjoint  measurement  (Coombs,  Dawes,  and  Tversky,  1970;  Krantz  and  Tversky, 
1971)  is  a  technique  by  which  the  joint  effects  of  several  factors  are 
investigated  and  the  rule  or  composition  principle  that  relates  the  factors 


to  one  another  Is  extracted  from  the  data.  A  major  advantage  of  this 
procedure  Is  that  only  the  ordinal  aspects  of  the  data  are  required  for  the 
production  of  an  interval  level  scale  which  represents  the  joint  effect  of 
the  factors. 

SWAT  distinguishes  three  levels  for  each  of  three  dimensions:  time  load, 
mental  effort  load,  and  psychological  stress  load.  These  are  adaptations  of 
the  categories  defined  by  Sheridan  and  Simpson  (1979).  Time  load  refers  to 
how  much  time  is  available  for  an  operator  to  perform  a  task;  this  includes 
both  overall  time  and  task  pacing.  Mental  effort  load  refers  to  the  amount 
of  attentlonal  capacity  or  effort  required  without  regard  to  the  amount  of 
time  available  or  task  pacing.  Stress  load  refers  to  anything  that  makes 
the  task  more  difficult  by  producing  anxiety,  frustration,  and  confusion; 
this  includes  such  tilings  as  fatigue,  stress,  and  fear,  as  well  as  physical 
stressors  like  vibration,  g-loading,  and  heat.  The  primary  assumption  of 
SWAT  is  that  workload  can  be  adequately  represented  by  the  combination  of 
these  three  dimensions. 

SWAT  is  a  two  step  process  consisting  of  a  scale  development  phase  and  an 
event  scoring  phase.  These  are  two  distinct  events  which  occur  at  different 
times.  During  the  scale  development  phase,  the  data  necessary  to  develop  a 
workload  scale  are  obtained  from  a  group  of  subjects.  At  the  event  scoring 
phase,  the  subjects  rate  the  workload  associated  with  a  particular  task 
and/or  mission  segment. 

The  three  dimensions  (time,  effort,  stress)  taken  in  all  possible  combina¬ 
tions  yield  a  27-cell  three-dimensional  matrix  to  represent  workload.  To 
develop  the  scale,  the  subjects  rank  order  the  27  combinations  of  descrip¬ 
tors  according  to  the  workload  represented  by  each  combination.  The  results 
of  the  ranking  procedure  are  then  used  to  develop  an  overall  interval  work¬ 
load  scale  which  represents  the  joint  effect  of  the  three  dimensions.  The 
composition  rule  for  the  ordered  data  is  defined  through  a  series  of  axiom 
tests;  possible  combinatory  rules  include  additive,  distributive,  and  joint 
distributive  (Krantz  and  Tversky,  1971).  When  the  appropriate  rule  has  been 
identified,  the  scaling  transformation  is  computed. 
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The  event,  scoring  phase  is  an  implementation  of  the  scale  as  a  dependent 
variable.  This  is  accomplished,  as  with  other  rating  procedures,  by 
analyzing  the  tasks  or  mission  scenario  to  determine  what  ratings  are 
needed,  what  ratings  are  possible  given  the  scenario,  and  when  the  ratings 
should  be  obtained.  A  major  positive  attribute  of  SWAT  is  the  simplicity  of 
the  event  scoring  procedure.  The  events  are  rated  using  the  same  descrip¬ 
tors  previously  used  for  scale  development.  Asked  to  provide  a  SWAT  rating 
for  a  particular  event,  a  pilot  would  assign  either  a  1,  2,  or  3  to  each  of 
the  three  dimensions  of  time  load,  effort  load,  and  stress  load  experienced 
during  that  event.  The  numbers  for  each  level  of  the  three  dimensions  are 
defined  as  in  the  scale  development  phase,  and  these  definitions  are  sup¬ 
plied  to  the  pilot  for  reference.  These  three  ratings  correspond  to  one  of 
the  combinations  created  in  the  ordering  procedure  for  scale  development. 

The  scale  value  computed  for  this  particular  combination  of  the  three  fac¬ 
tors  is  the  subjective  workload  score  assigned  to  the  event. 

Although  all  three  classes  of  workload  measures  have  been  successfully 
employed  in  the  system  development  process,  these  techniques  have  been 
designed  almost  exclusively  for  application  to  laboratory  research,  flight 
test,  or  simulation  studies.  These  workload  measurement  techniques  are 
applicable  for  evaluating  the  workload  associated  with  an  existing  system  or 
when  initial  equipment  configurations  are  available  during  the  midd1®  and 
late  stages  of  system  design.  Workload  metrics  can  make  significant  contri¬ 
butions  to  the  design  process  during  these  phases.  However,  a  number  of 
critical  decisions  affecting  the  human  operator  are  made  at  the  predesign 
phase  where  design  options  are  on  paper  only.  Analytic  tools  such  as  task 
analysis,  time  line  analysis,  and  various  systems  models  are  currently  being 
used  by  systems  designers  to  address  operator  factors  in  these  early  phases 
of  the  development  process.  These  analytic  methods  are  useful  In  defining 
the  human-machine  interface  but  address  operator  workload  in  an  indirect  or 
informal  manner.  Although  it  is  customary  to  acquire  information  from  the 
user  during  system  development,  informal  and  unstructured  approaches  may 
encourage  the  user  to  provide  information  in  areas  beyond  his  expertise.  If 
operator  workload  is  to  be  adequately  considered  in  the  predesign  phase,  a 
method  is  needed  to  provide  quantitative  predictors  of  operator  workload 
which  can  be  used  along  with  cost  and  effectiveness  to  permit  optimal 


selection  among  candidate  system  designs.  In  order  for  this  evaluation  to 
take  place  in  the  early  stages  of  system  design,  a  projective  workload 
assessment  technique  is  required;  therefore,  a  subjective  technique  must  be 
implemented  rather  than  ohysiological  or  performance  measures. 

Courtright  and  Kuperman  (1984)  employed  both  Pro-SWAT  and  SWAT  in  the 
operational  test  and  evaluation  of  a  complex  multioperator,  multistation 
\  military  system.  The  rating  scale  was  used  in  a  field  evaluation  of  a  sys¬ 
tem  requiring  skilled  personnel  to  operate  semi  automated  equipment.  The 
SWAT  rating  scale  was  selected  for  this  application  for  several  reasons:  W 
was  an  instrument  that  subjects  could  use  repeatedly  over  a  period  of  days, 
it  could  be  quickly  administered  with  minimal  distraction  on  the  part  of  the 
operators,  it  was  scorable  in  terms  of  individual  rating  styles,  and  it 
demonstrated  measurement  precision  for  relatively  small  changes. 

The  evaluation  took  place  in  two  states.  First,  two  highly  experienced 
operators  used  SWAT  protectively  to  evaluate  the  completeness  of  the  task 
taxonomy  of  events  to  be  used  in  the  field  data  collection.  Thus,  Pro-SWAT 
was  used  to  guide  the  design  of  the  field  experiment.  Second,  30  field 
evaluators  used  SWAT  and  38  task  categories  to  analyze  the  distribution  of 
workload  across  work  stations. 

The  SWAT  instrument,  as  used  in  this  application,  demonstrated  sensitivity 
in  identifying  problem  tasks.  In  addition,  the  concepts  of  the  instrument 
were  found  to  be  readily  understandable  and  accepted  as  legitimate  by  the 
test  community  and  the  subjects.  Courtright  and  Kuperman  concluded  that 
"...  as  a  relatively  simple,  easily  administered  tool  for  examining  the 
subjective  workload  associated  with  individual  task  performance,  SWAT 
appears  to  be  very  useful"  (Courtright  and  Kuperman,  1984). 

PRO-SWAT 

Due  to  the  demonstrated  reliability  of  SWAT  as  a  measurement  of  operator 
workload,  a  similar  technique,  based  on  the  predictive  or  projective  appli¬ 
cation  of  SWAT  (Pro-SWAT)  has  been  developed  for  application  at  the  pre¬ 
design  stage  of  system  development.  This  measure  of  workload  provides  an 
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opportunity  to  involve,  in  a  unique  way,  the  eventual  user/operator  of  the 
system.  The  evaluation  of  workload  that  may  accompany  the  use  of  a  new 
technology  is  something  the  user  is  uniquely  qualified  to  provide.  Pro- SWAT 
asks  the  user  to  describe  how  a  new  technology  and  system  design  will  impact 
workload,  not  how  the  system  should  be  design  (Eggleston  and  Kulw’.cki,  1984). 

Pro-SWAT  is  based  upon  a  combination  of  SWAT  and  another  subjective 
technique  known  as  Ground  Attack  Tactics  Survey  (GATS).  GATS  methodology 
consists  of  a  structured  interview  technique  that  is  used  to  identify  work¬ 
load  “choke  points"  for  operational  ai r-to-ground  attack  missions  (Greene, 
Arbak,  Courtright,  and  O'Donnell,  1981).  Detailed  maps,  charts,  and  mission 
scenarios  are  used  to  carefully  talk  pilots  through  a  mission  with  detailed 
questioning  to  reveal  tasks  or  subtasks  that  have  excessively  high  workload. 

Pro-SWAT,  like  SWAT,  occurs  in  two  stages.  The  scale  development  phase  is 
identical  to  that  used  for  SWAT.  The  event  scoring  phase,  however,  is 
replaced  by  a  procedure  derived  from  GATS  methodology.  The  subject  is 
required  to  imagine  that  he  is  experiencing  events  and  performing  appropri¬ 
ate  tasks  with  either  a  known  system  or  a  hypothetical  system.  Reid  et  al . 
(1984)  have  reviewed  the  psychological  literature  pertaining  to  the  use  of 
mental  imagery  for  skill  acquisition  and  have  concluded  that  subjects  were 
able  tG  accurately  imagine  the  events  they  were  attempting  to  learn.  This 
is  the  same  type  of  mental  imagery  that  subjects  are  asked  to  perform  as 
part  of  the  Pro-SWAT  rating  procedure.  Since  previous  experience  is 
required  in  order  for  mental  practice  to  be  effective  (Corbin,  1967), 
obtaining  estimates  of  workload  for  systems  which  do  not  exist  depends  upon 
responses  from  "expert"  subjects.  No  subjects  will  be  available  who  have 
experience  on  a  nonexistent  system,  sn  subjects  having  the  most  similar 
experience  possible  should  be  selected  (Reid  et  al.,  1984). 

After  the  "expert"  subjects  have  completed  the  scale  development  phase,  they 
are  provided  with  detailed  information  concerning  the  mission  and  details 
about  operation  of  the  conceptual  system.  This  may  include  drawings  and/or 
mock-ups.  Special  attention  is  given  the  description  of  procedures  for 
operation  of  the  system  with  precise  detail  on  tasks  and  subtasks.  Each 
subject  is  then  talked  through  a  representati ve  but  hypothetical  mission. 


once  using  a  current  or  baseline  system  and  once  for  each  conceptual  system 
or  design  option.  Pro-SWAT  ratings  are  obtained  at  points  of  Interest 
selected  for  their  anticipated  high  workload  or  expected  conceptual  system 
superiority  or  Inferiority.  These  ratings  reflect  the  amount  of  time  load; 
mental  effort  load,  and  psychological  stress  load  that  the  operator  thinks 
would  be  associated  with  the  hypothetical  event.  The  same  events  are  rated 
for  the  baseline  system  and  all  conceptual  systems  in  order  to  obtain  rela¬ 
tive  workload  information.  As  with  SHAT,  the  scale  values  obtained  from 
Pro-SWAT  are  interval  level  data.  An  additional  advantage  of  Pro-SWAT  is 
that  the  data  are  in  the  same  metric  as  SWAT.  If  SWAT  is  used  in  later  sim¬ 
ulations  and  flight  tests,  direct  comparisons  can  be  made  between  the  pre¬ 
dictive  results  of  Pro-SWAT  and  later  real-time  measurements. 

Eggleston  (1984)  compared  projected  and  measured  workload  ratings  using  Pro- 
SWAT  and  SWAT.  The  technique  was  used  in  a  projective  manner  to  estima‘e 
the  workload  implications  of  system  configurations  during  the  conceptual 
design  state  of  development.  Experienced  aircrews  were  given  descriptions 
of  a  basic  and  several  enhanced  versions  of  an  advanced  attack  aircraft. 

They  then  used  their  knowledge  and  experience  of  similar  missions  to  rate 
the  level  of  time  load,  effort  load,  and  psychological  stress  load  expected 
to  exist  at  selected  points  in  the  mission  and  for  various  system  configura¬ 
tions.  Another  group  of  equally  experienced  aircrews  participated  in  real¬ 
time  simulation  using  the  same  system  concepts  and  similar  mission 
scenarios.  Five  system  configurations  and  three  mission  segments  were 
common  to  both  the  Pro-SWAT  and  SWAT  task  ratings.  A  Pearson  coefficient  of 
correlation  of  .85  was  found  between  predicted  workload  ratings  and  those 
obtained  in  flight  simulation,  indicating  a  statistically  reliable  relation¬ 
ship  between  predicted  and  experienced  workload.  Eggleston  concludes  that, 
“given  adequate  materials  and  subject  experience  ...  the  workload  associated 
with  a  system  in  its  conceptual  stage  can  be  measured,  and  seems  to  be 
related  to  the  workload  experienced  in  similar  simulated  system/mission  con¬ 
ditions.  Specifically  the  pilots  were  able  to  perform  the  predictive  task 
with  a  conceptual  system,  and  their  estimates  of  workload  were  not  unlike 
those  reported  by  other  experienced  pilots  who,  in  a  simulator,  actually 
experienced  essentially  the  same  systems/mi ssions"  (Eggleston,  1984). 
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Pro-SWAT  strongly  suggests  itself  as  a  tool  for  application  to  the 
prediction  of  workload  for  advanced,  conceptual  weapon  systems.  It  Is 
sufficiently  amenable  to  field  use  to  support  data  collection  away  from  the 
laboratory  environment.  It  has  been  demonstrated,  to  a  limited  extent,  to 
have  predictive  validity  when  compared  against  man-in-loop  simulation. 
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Section  5 
METHODOLOGY 


PROCEDURE 

Field  data  collection  was  conducted  at  the  Army  Aviation  Center,  Fort 
Pucker,  Alabama,  on  16  May  1984.  Ten  military  and  one  civilian  pilot  served 
as  subjects  (Ss).  All  were  familiar  with  the  LHX  program  and  several  of 
them  were  assigned  in  direct  support  of  It.  A  brief  introduction  to  the  VPD 
Technology  Assessment  Study  was  given,  and  the  importance  of  obtaining  esti¬ 
mates  of  probable  workload  was  explained.  The  Ss  were  provided  an  overview 
(similar  to  that  in  Section  4)  of  the  concepts  of  workload  and  its 
measurement/prediction,  specifically  by  the  Pro-SWAT  method.  The  Ss  then 
performed  the  card  sorting  by  the  Pro-SWAT  method.  The  Ss  then  performed 
the  card  sorting  task  required  for  individual  SWAT  scale  development.  The 
MEP  was  next  presented,  emphasizing  the  information  sources  for  the 
VPO-based  crew  systems  (Section  2).  The  AFAMRL-developed  mission  scenario 
(Section  2)  was  briefed  to  them  In  detail.  The  baseline  crew  system  con¬ 
cepts  and  the  four  options  (Section  3)  were  explained  in  detail,  using  both 
vlewgraphs  and  full  size  cardboard  mock-ups.  [Eggleston  (1984),  points  out 
that  if  the  Ss'  orientation  to  the  concepts  and  mission  "is  not  of  suffi¬ 
cient  detail,  then  even  an  experienced  subject  may  not  be  able  to  reliably 
judge  workload."]  At  this  point,  the  Ss  were  again  led  through  the  mission, 
scenario  and  Pro-SWAT  ratings  were  obtained  at  each  of  six  distinct  mission 
phases  (Identified  below).  In  obtaining  the  Pro-SWAT  ratings,  the  experi¬ 
menter  briefed  the  events  and  priorities  of  that  segment.  The  Ss  had  a 
folder  which  contained  illustrations  of  all  five  crew  system  concepts  and  a 
SWAT  data  collection  form  (Figure  7)  for  each  alternative  crew  system.  Each 
form  was  annotated  to  indicate  the  option  being  evaluated  and  the  segment  of 
the  mission  at  which  workload  was  to  be  estimated.  The  Ss  were  requested  to 
project  themselves  into  the  mission  and  to  estimate  the  level  of  workload 
that  they  believed  they  would  encounter  in  attempting  to  accomplish  mission 
tasks  with  each  crew  system  concept.  Following  the  pro-SWAT  data  collec¬ 
tion,  the  Ss  were  requested  to  complete  a  series  of  rating  scales  which 
explored  several  qualitative  aspects  of  crew  system  interface  utility. 
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Lastly,  the  Ss  were  requested  to  describe  what  they  felt  an  "ideal"  VPO  crew 
system  would  be. 

SU8JECTS 

The  importance  of  using  highly  experienced  Ss  in  the  evaluation  of  advanced 
crewstation  components  was  discussed  in  Section  4.  Additionally,  Kuperman 
(1984)  addressed  the  requirement  for  selecting  Ss  for  participation  in  the 
assessment  of  advanced  aircraft  crew  system  concepts  who  are  sufficiently 
knowledgeable  about  both  mission  requirements  and  advanced  avionics  capabil¬ 
ities  to  minimize  tne  need  for  extensive  training.  Kuperman  et  al.  (1983) 
pointed  out  the  particular  importance  of  the  Ss'  experience  in  their  evalua¬ 
tion  of  a  derivative  fighter  aircraft  which  exploits  advanced  sensors  and 
weapons. 

Eleven  Ss  participated  in  the  workload  data  collection  exercise,  ten 
military  and  one  civilian.  All  military  pilots  were  currently  officers  or 
warrant  officers.  The  military  pilots  reported  an  average  of  approximately 
8  years,  4  months  of  flying  experience  (minimum  about  1  year  and  maximum 
over  15  years).  (The  civilian  pilot  reported  a  total  of  313  hours  of  exper¬ 
ience  obtained  in  a  variety  of  light  aircraft.)  Four  pilots  reported  having 
flown  helicopters  in  combat  for  an  average  of  775  hours  (minimum  150  hours 
and  maximum  1400  hours).  The  mean  reported  noncombat  flying  experience 
(military  only)  was  1443  hours  (minimum  430  hours  and  maximum  3500  hours). 

All  military  pilots  reported  flight  simulator  experience  with  an  average  of 
approximately  214  hours  (minimum  30  hours  anu  maximum  600  hours). 

The  military  pilots  reported  an  average  of  approximately  742  hours  flying 
NOE  (minimum  20  and  maximum  3000).  Nine  of  them  reported  experience  in 
flying  at  H0GE  (mean  approximately  318  hours,  minimum  10  hours,  maximum 
1000  hours).  The  ten  military  pilots  reported  an  average  of  approximately 
238  hours  of  night  flying  experience  (miminum  20  hours,  maximum 
600  hours).  One  S  reported  800  hours  of  experience  in  performing  day  A/G 
attack  missions  and  500  hours  in  night  A/G. 
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Subject  Name 


Display  Configuration:  _ 

Mission  Segment:  _ 

INSTRUCTIONS:  For  each  of  the  three  sections  below,  check  the  one  box  (1, 
2,  or  3)  that  you  feel  applies.  Be  sure  to  complete  all  three  ratings. 


TIME  10 AO 

C  ]  (1)  Often  have  spare  time.  Interruptions  or  overlap  among  activities 

occur  Infrequently  or  not  at  all. 

[  ]  (2)  Occasionally  have  spare  time.  Interruptions  or  overlap  among 
activities  occur  frequently. 

C  ]  (3)  Almost  never  have  spare  time.  Interruptions  or  overlap  among 
activities  are  very  frequent,  or  occur  all  the  time. 


MENTAL  EFFORT 

C  ]  (1)  Very  little  conscious  mental  effort  or  concentration  required. 

Activity  Is  almost  automatic,  requiring  little  or  no  attention. 

[  ]  (2)  Moderate  conscious  mental  effort  or  concentration  required. 

Complexity  of  activity  is  moderately  high  due  to  uncertainty, 
unpredlcabillty,  or  unfamiliarity.  Considerable  attention 
required. 

C  ]  (3)  Extensive  mental  effort  and  concentration  are  necessary.  Very 

complex  activity  requiring  total  attention. 


PSYCHOLOGICAL  STRESS 

C  ]  (1)  Little  confusion,  risk,  frustration,  or  anxiety  ev.ist  and  can  be 

easily  accommodated. 

C  ]  (2)  Moderate  stress  due  to  confusion,  frustration,  or  anxiety 

noticeably  adds  to  workload.  Significant  compensation  is 
required  to  maintain  adequate  performance. 

C  J  (3)  High  to  very  intense  stress  due  to  confusion,  frustration,  or 
anxiety.  High  to  extreme  determination  and  self-control 
required. 


Figure  7.  (Pro-)SWAT  Data  Collection  Form 
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Six  of  the  Army  pilots  were  current  in  the  UH-1  and  the  remaining  four  were 
current  in  the  AH-1.  Four  reported  experience  with  guided  A/G  weapons, 
three  with  HDD-equipped  aircraft,  two  with  FlIR,  two  with  MFPK,  one  with  a 
moving  map  display,  one  with  MFOs,  one  with  voice  control  subsystems,  and 
one  with  night  vision  goggles. 

Overall,  the  Ss  were  a  highly  experienced  group  of  aviators.  They  were  very 
familiar  with  low  altitude  operations  (NOE  and  HOGE)  and  familiar  with  night 
flying.  They  reported  only  limited  experience  with  technologies  comparable 
to  those  in  the  LHX/SCAT  MEP  (which  is  not  surprising  since  aircraft  with 
similar  equipment  are  only  now  entering  the  Army  operational  inventory). 

INDEPENDENT  VARIABLES 

Options 

The  five  crew  system  concepts  for  which  Pro-SWAT  (and  qualitative  rating 
scale)  data  were  collected  are  described  in  Section  3.  The  VPD  technology 
exploited  in  each  concept  were: 

a.  Baseline:  20-degree  V  by  30-degree  H  HUD 

b.  Option  1:  30-degree  V  by  40-degree  H  monocular  HMD 

c.  Option  2:  60-degree  V  by  90-degree  H  binocular  HMD 

d.  Option  3:  60-degree  V  by  120-degree  H  stereo,  binocular  HMD 

e.  Option  4:  120-degree  V  by  220-degree  H  cockpit-mounted  VPD 
Mission  Segments 

Pro-SWAT  data  were  collected  at  six  points  during  the  mission  scenario. 

They  were: 
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a.  Cruise:  During  the  outbound  mission  segment  between  the  base  and 
the  refueling  point,  the  crewmember  is  relatively  unburdened.  Once 
the  airborne  formation  has  been  adopted  and  system  checks  have  been 
performed,  the  only  concerns  are  maintaining  inflight  formation  and 
performing  contour  flight  and  navigation.  No  threats  are  expected. 

b.  Pre-FlOT:  Immediately  before  crossing  into  enemy  territory,  the 
LHXs  perform  final  system  checks  and  weapons  arming.  Roles  within 
the  flight  (scout/SEAD,  combat  security,  and  antiarmor)  are 
adopted. 

c.  Ingress:  The  flight  is  transversing  enemy  territory  at  low  alti¬ 
tude.  Chance  encounters  with  threat  systems  are  highly  probable. 
Navigation  is  between  the  trees  and  below  the  hills  and  ridges,  to 
make  maximum  use  of  terrain  masking. 

d.  Approach  to  Battle  Position:  Encounters  with  enemy  threats  are 
becoming  more  likely.  Priority  is  switching  from  navigation  to 
tar*at  search  and  acquisition. 

e.  Air-to-Ground  Engagement:  Targets  are  being  acquired,  missiles 
locked,  and  tanks  destroyed.  SAMs  and  AAA,  intermixed  with  the 
tanks,  are  being  engaged  and  defeated. 

f.  Alr-to-Air  Engagement:  Priority  has  been  changed  from  antiarmor, 
scout/SEAD,  or  combat  security  to  anti  air.  Enemy  helicopters  must 
be  destroyed  while  ground-to-air  threats  are  defeated. 

DEPENDENT  VARIABLES 

Pro-SWAT 

The  Pro-SWAT  rating  Instrument  was  applied  for  each  of  the  five  options  at 
each  of  the  six  mission  segments.  The  procedure  for  collecting  Pro-SWAT 
data  is  described  above. 


Rating  Questionnaires 


In  addition  to  the  Pro-SWAT  data  collection  sheets,  the  Ss  were  asked  to 
provide  rating  data  along  several  qualitative  scales  regarding  their 
impressions  of  some  aspect  of  each  of  the  crewstation  configurations.  A 
seven  point  scale  was  used  throughout,  with  a  lowest  rating  (1)  havinq  a 
semantic  anchor  of  "prohibit,"  "prevent,"  or  "rejected"  while  the  highest 
rating  (7)  carried  a  semantic  anchor  of  "enable"  or  "accepted/desired."  (An 
example  of  the  questionnaire  is  presented  in  Appendix  A.) 

The  first  question  dealt  with  the  perceived  ability  of  the  concept  to  sup¬ 
port  the  acquisition  and  maintenance  of  battlefield  situational  awareness. 
The  second  rating  dimension  dealt  with  the  contribution  of  the  crew  system 
to  overall  mission  effectiveness.  A  group  of  six  rating  scales  explored  the 
performance  of  major  functional  crew  tasks  (pilotage,  navigation,  communica¬ 
tions,  target  acquisition,  weapon  delivery,  a.d  survivability).  The  last 
question  asked  about  the  expected  degree  of  acceptance  of  the  Army  pilot 
community  for  each  crew  interface  concept.  In  addition  to  providing  the 
ratings,  the  Ss  were  requested  to  provide  supporting  comments.  (All  com¬ 
ments,  arranged  by  rating  dimension  and  broken  down  by  option,  appear  In 
Appendix  8). 

"Ideal"  Crew  Interface  Design 

The  administration  of  the  Pro-SWAT  and  rating  scale  instruments  was  followed 
by  a  roundtable  discussion  which  covered  the  MEP,  the  IHX/SCAT  mission,  and 
the  crew  system  concepts.  Following  this  group  discussion,  the  Ss  were 
asked  to  individually  sketch  out  what  they  felt -would  be  the  optimum  or 
“Ideal"  cockpit  layout. 


Section  6 

ANALYSIS  AND  RESULTS 

GENERAL 

This  section  of  the  report  is  divided  into  three  parts.  First,  the  Pro-SWAT 
data  analysis  procedure  is  described  and  the  resulting  data  are  presented  in 
the  form  of  tables  and  grapns.  Next,  a  similar  treatment  of  the  subjective 
rating  scale  instrument  is  provided.  Last,  the  "ideal"  LHX  VPO  configura¬ 
tion,  as  defined  by  the  Ss,  is  depicted. 

PRO-SWAT 

The  Pro-SWAT  methodology  employs  a  three-dimensional  matrix  (time  stress, 
mental  effort,  and  psychological  stress)  within  which  to  quantify  work¬ 
load.  A  unidimensional  scale  is  desired  for  ease  in  making  comparisons 
between  various  reports  of  workload.  The  procedure  for  performing  this 
transformation  is  graphically  depicted  in  Figure  8  and  described  in  Reid 
et  al .  (1931).  The  procedure  employs  a  conjoint  measurement  technique  to 
construct  an  interval  level  workload  scale  from  ordinal  rankings  of  combina¬ 
tions  of  levels  on  the  three  workload  dimensions. 

development  of  Individual  Workload  Scales 

An  interval  scale  is  developed  for  each  S.  A  randomly  ordered  set  of  cards 
containing  all  possible  combinations  (one  combination  on  each  card)  of  the 
three  rankings  of  the  three  SWAT  dimensions  (3^  =»  27)  is  sorted  by  each  S  so 
as  to  rearrange  them  in  a  sequence  from  least  through  greatest  workload. 
Thus,  a  1,1,1  triplet  ranking  would  represent  the  lowest  level  of  workload 
and  a  3,3,3  triplet,  the  highest.  It  is  the  arrangement  of  the  intervening 
combinations  that  reflects  the  S's  individual  perception  of  workload.  For 
example,  some  Ss  are  acutely  sensitive  to  time  stress  and  arrange  the  deck 
to  reflect  time  as  an  “outer  loop."  Thus,  their  arrangement  would  tend  to 
associate  higher  levels  of  workload  with  moderate  and  low  time  stress 
ratings  than  corresponding  (or  perhaps  higher)  levels  of  the  other  two 
dimensions. 


LOW  HIGH 

WORKLOAD  SCALE 


Figure  8.  SWAT  Individual  Scale  Development 
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All  11  Ss  performed  the  SWAT  card  sort  task.  Three  of  these  11  produced 
sorts  that  contained  too  many  errors  ( inconsistencies)  to  permit  application 
of  their  individual  scales.  (For  example,  an  S  might  rate  a  2,3,1  as  easier 
than  a  2,1,1.)  Of  the  remaining  eight  Ss,  four  were  analyzed  as  being  time 
stress  dominated,  two  reflected  a  combi  nation  of  mental  effort  and  psycho¬ 
logical  stress,  one  a  combination  of  mental  effort  and  time  stress,  and  one 
was  dominated  by  psychological  stress.  These  four  prototypical  interval 
scales  were  used  in  processing  the  reported  Pro-SWAT  scores  for  analysis. 
Table  3  presents  the  four  prototypes  used. 

The  table  is  used  to  convert  the  reported  triplets  into  the  unidimensional 
workload  scores.  The  left-most  column  contains  all  possible  triplets.  The 
four  other  columns  are  the  four  scale  prototypes.  For  each  raw  score  trip¬ 
let,  the  workload  value  is  read  from  the  same  row  in  the  column  of  the 
appropriate  prototype.  Thus,  2,2,2  reported  by  a  time  stress  dominated 
Individual  would  produce  a  workload  value  of  53.2. 

Analysis  of  Variance 

Figure  9  graphically  presents  the  results  of  the  Pro-SWAT  data  collection. 
The  six  mission  segments,  arranged  In  the  order  of  increasing  mean  workload, 
are  identified  on  the  abscissa.  The  mean  workload  for  each  of  the  five  crew 
system  concepts  is  plotted  for  each  segment.  The  data  points  for  each  con¬ 
cept  are  joined  by  line  segments  to  assist  in  differentiating  between 
options.  Each  point  is  the  mean  of  the  responses  of  the  eight  Ss.  Table  4 
presents  the  means  that  are  plotted  in  the  figure,  together  with  respective 
standard  deviations.  The  minimum  expected  workload  has  a  Pro-SWAT  rating  of 
13.9  (performing  cruise  using  the  Option  4  VPO)  and  the  maximum  observed  is 
93.2  (performing  A/G  attack  using  either  the  Baseline  or  the  Option  1  VPO 
concept).  As  may  be  seen  from  the  figure  and  tab1*,  the  Ss’  mean  expecta¬ 
tion  of  workload  never  increases  as  the  crew  systems  progress  from  the  base¬ 
line  to  Option  4.  Three  cases  of  identical  expected  mean  workload  levels 
occur,  all  involving  the  baseline  and  Option  1. 

Three  questions  suggest  themselves  in  considering  the  utility  of  the  data  to 
the  operational  command: 
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TABU  3.  PRO-SWAT  PROTOTYPES 


Triplet 

(T.M.P)* 

T 

M/P 

M/T 

P 

1.1.1 

0.0 

0.0 

0.0 

0.0 

1.1.2 

9.6 

25.2 

1.6 

39.7 

1.1.3 

20.2 

32.9 

6.3 

70.0 

1.2,1 

7.9 

27.1 

40.4 

13.7 

1,2,2 

17.6 

52.3 

42.0 

53.4 

1,2,3 

28.1 

60.0 

46.7 

83.7 

1,3,1 

17.1 

43.6 

72.0 

22.8 

1.3.2 

26.8 

68.8 

73.6 

62.4 

1,3.3 

37.3 

76.5 

78.3 

92.8 

2,1,1 

35.6 

2.2 

13.7 

4.7 

2,1,2 

45.3 

27.4 

15.3 

44.4 

2.1,3 

55.8 

35.1 

20.0 

74.7 

2.2,1 

43.5 

29.3 

54.0 

18.4 

2,2,2 

53.2 

54.5 

55.7 

58.1 

2.2,3 

63.8 

62.2 

60.4 

88.4 

2,3,1 

52.7 

45.7 

85.6 

27.4 

2.3,2 

62.4 

70.9 

87.3 

67.1 

2.3,3 

73.0 

78.7 

91.9 

97.5 

3,1.1 

62.1 

23.5 

21.7 

7.2 

3.1,2 

72.3 

48.7 

23.3 

46.9 

3,1,3 

82.9 

56.4 

28.0 

77.2 

3,2,1 

70.6 

50.6 

62.1 

20.9 

3,2,2 

60.2 

75.8 

63.7 

60.6 

3,2,3 

90.8 

83.5 

68.4 

91.0 

3,3,1 

79.8 

67.1 

93.7 

30.0 

3,3,2 

89.4 

92.3 

95.3 

69.7 

3,3,3 

100.0 

100.0 

100.0 

'lOO.O 

*T  ■  Time  Stress 
M  *  Mental  Effort 
P  »  Psychological  Stress 
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TABLE  4.  PROJECTED  WORKLOAD,  BY  VPO  CONCEPT  AND  MISSION  SEGMENT 
(Means  and  Standard  Deviations) 


Mission 

Segment 

Baseline 

Option  1 

Option  2 

Option  3 

Option  4 

Cruise 

mean 

45.8 

38.0 

32.1 

15.1 

13.9 

std.  dev. 

33.8 

34.5 

23.6 

22.5 

16.5 

I 

|pre-FLOT 

mean 

59.7 

59.7 

49.7 

34.0 

31.0 

std.  dev. 

29.7 

25.9 

13.1 

26.9 

22.7 

Ingress 

mean 

71.3 

67.5 

51.8 

48.1 

46.3 

std.  dev. 

32.0 

30.1 

25.0 

21.0 

20.2 

A/A 

mean 

77.2 

73.9 

t 

63.1 

52.2 

43.6 

std.  dev. 

22.0 

22.3 

31.4 

34.0 

35.4 

App.  to  Battle 

mean 

Position 

84.3 

84.3 

79.9 

68.6 

64.4 

std.  dev. 

19.6 

19.6 

17.3  . 

17.5 

19.9 

A/G 

mean 

93.2 

93.2 

85.8 

76.1 

72.1 

std.  dev. 

13.7 

13.7 

17.8 

20.2 

17.7 

a.  Is  there  a  wide  variation  in  workload  to  be  expected  within  the 
LHX/SCAT  mission?  (Are  the  mission  segment  expectations  of  mean 
workload  significantly  different  from  each  other?) 

b.  Do  any  of  the  five  VPO-based  crew  system  Interface  concepts  offer 
opportunities  for  reducing  this  workload?  (Are  the  concepts 
significantly  different  from  each  other?) 

c.  Are  some  concepts  better  at  supporting  reduced  workload  during  some 
mission  segments  than  during  other?  (Is  their  a  significant 
interaction  between  concepts  and  mission  segments?) 

These  questions  were  used  to  guide  the  analysis  plan. 

Table  5  presents  a  summary  of  an  analysis  of  variance  of  (ANOVA)  (SAS,  1982, 
Process  ANOVA)  in  which  the  Pro-SWAT  workload  estimates  serve  as  the 
dependent  variable. 

TABLE  5.  ANALYSIS  OF  VARIANCE:  PROJECTED  W0RKL0A0 


Source  of  Variation 

SS 

OF 

MS 

Concepts  (C) 

27245.0 

4 

6808.9 

p  _<  0.01 

Mission  Segments  (S) 

79675.0 

5 

15932.8 

p  _<  0.01 

C  x  S 

1659.7 

20 

82.0 

N.S  .* 

Error 

123052.0 

210 

586.0 

Total 

231631.5 

239 

*N.S.  a  Not  Significant 


The  main  effect.  Concepts,  is  found  to  be  highly  statistically  signifi¬ 
cant.  This  is  equivalent  to  rejecting  the  hypothesis  that  the  five  VPO  crew 
systems  are  equal  to  each  other.  (That  is,  at  least  some  of  the  concepts 
are  different  from  each  other.)  The  main  effect  of  Mission  Segments  is 
found  to  be  of  high  statistical  significance.  This  is  equivalent  to 
rejecting  the  hypothesis  that  workload  is  not  expected  to  vary  over  the 
entire  LHX/SCAT  mission.  (That  is,  at  least  some  segments  can  be  expected 
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to  result  In  higher  workload  levels  than  can  other  segments.)  The 
interaction  between  Concepts  and  Segments  is  not  statistically  signifi¬ 
cant.  This  is  equivalent  to  failing  to  reject  the  hypothesis  that  some 
Concepts  can  be  expected  to  result  in  lower  workload  at  some  Segments,  com¬ 
pared  to  other  Concepts,  but  that  the  reverse  would  be  true  at  other  Seg¬ 
ments.  (That  is,  if  one  Concept  is  expected  to  support  lower  workload 
during  one  Segment  than  another  Concept,  then  the  first  Concept  will  never 
result  in  higher  workload  than  the  second  Concept  at  any  other  Segment.) 

In  Figures  10  through  15,  the  mean  expected  workload,  pooled  over  the  eight 
Ss,  is  shown  in  the  form  of  bar  graphs  for  each  mission  segment.  Inspection 
of  each  graph  shows  that,  as  the  options  progress  from  the  baseline  to 
Option  4,  expected  workload  never  increases-. 

Figure  16  presents  a  graph  of  the  means  of  the  expected  workload  for  each 
concept  (pooled  over  Ss  and  mission  segments).  The  generally  monotonically 
decreasing  form  of  the  graph  is  apparent.  Below  the  graph,  the  arrows, 
joined  by  horizontal  lines,  delimit  the  significantly  different  groupings 
(SAS,  1982,  Process  ANOVA,  Means/Tukey)  of  the  concepts  as  found  by  Tukey's 
Honestly  Significant  Difference  (HSO)  statistic.  The  baseline,  together 
with  Options  1  and  2,  form  one  group;  Options  2  and  3  form  a  second;  and 
Options  3  and  4  form  a  third  group.  The  lines  joining  the  arrows  permit 
comparisons  between  pairs  of  options.  Any  two  options  for  which  there  is  no 
contnon  line  beneath  them  are  statistically  different  from  each  other  (e.g.. 
Options  1  and  3  are  not  equal). 

Figure  17  presents  two  line  graphs.  The  range  of  each  graph  is  the  0  to  100 
range  of  Pro-SWAT  workload.  The  30  mean  expected  workload  levels  (five  con¬ 
cepts  x  six  segments,  pooled  over  eight  Ss)  are  plotted  on  the  lower  graph. 
The  mean  expected  workload  levels  for  each  of  the  eight  Ss  are  plotted  on 
the  upper  graph.  Workload  appears  to  be  relatively  evenly  distributed  along 
the  lower  graph.  Six  of  the  Ss'  means  cluster  at  the  SWAT  value  of  approxi¬ 
mately  60,  a  seventh  S  exhibits  a  much  lower  mean  (41.4),  and  the  eighth  S 
exhibits  a  much  higher  mean  (75.4).  (A  Tukey's  HSO  test,  performed  as  a 
post  hoc  test,  revealed  that  only  the  Ss  producing  the  highest  and  lowest 
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Figure  10.  LHX  Workload--Cruise 


fgure  11.  LHX  Workl oad- -Pre-FI ot 


LHX  Workload-Approach  to  3.P. 
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Figure  17.  Graphic  Comparison  of  Subject  Means  (SWAT) 


mean  Pro-SWAT  values  were  significantly  different  from  each  other  but  that 
neither  of  them  was  significantly  different  from  the  six  other  Ss.) 

SUBJECTIVE  RATING  QUESTIONNAIRES 

All  11  Ss  completed  rating  questionnaires  (described  in  Section  5  and 
presented  in  Appendix  A).  All  quest  onnairp  data  were  analyzed  by  the  same 
procedure.  First,  the  ratings  were  transformed  (SAS,  1982,  Procedure  RANK) 
into  rank! ng s .  Thus,  the  seven-poi r.'.  rating  responses  were  remappeu  unto  a 
0  to  54  range  (five  concepts  x  U  Ss),  equal  interval  -anking  scale.  An 
ANOVA  (SAS,  '982,  Procedure  ANOVA)  was  performed  for  each  question.  In 
every  case,  the  concepts  wore  found  to  be  highly  significantly  different 
from  each  other  (p  =  0.01).  Also  for  each  question,  Tukey's  HSO  test 
(SAS,  1982,  Procedure  ANOVA,  MEANS/Tukey)  was  applied  to  explore  the  nature 
of  the  s igni f icance. 

Figures  13  through  26  present  mean  results  of  rankings  for  each  uf  the  nine 
questions  in  the  form  of  bar  graphs.  8eneath  each  bar  graph,  results  of 
Tukey's  HSO  test  are  shown  by  the  joined  arrows  which  depict  groupings  of 
the  concepts.  The  overall  results  are  that,  for  every  question,  the  base¬ 
line  and  Option  1  were  never  found  to  be  distinguishable  from  each  other; 
Options  3  and  4  are  neve"  distinguishable  from  each  other;  and  with  only  one 
exception  (the  question  dealing  with  communications),  the  baseline  and 
Option  1  (as  a  group)  are  always  different  from  Options  3  and  4  (as  a  group). 

Comments  were  solicited  from  the  Ss  to  substantiate  their  rating  assign¬ 
ments.  These  comments  are  presented  in  Appendix  8,  arranged  by  concept,  for 
each  question. 

"IDEAL"  CREW  INTERFACE 

Figure  27  presents  a  synthesis  of  the  "ideal"  LHX/SCAT  crew  system 
interface,  as  depicted  or  described  by  the  11  Ss.  It  closely  resembles 
Option  4.  In  general,  the  Ss  desired  that  specific  types  of  informational 
formats  (e.g.,  weapons  load/status)  be  available  for  display,  on  demand  and 
at  preselected  locations,  within  the  very  wide  FOV  display. 
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Mission  Effectiveness 
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Figure  21.  Ranking  Data:  Navigation 
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Figure  26.  Ranking  Data:  Pilot  Acceptance 


Section  7 

DISCUSSION  AND  CONCLUSIONS 


DISCUSSION 

The  intent  of  tnis  research  was  to  gain  early  insight  into  the  levels  of 
workload  that  might  reasonably  be  expected  to  be  found  in  attempting  to  con¬ 
duct  LHX/SCAT  missions  using  a  weapon  system  whose  crewstation  was  based  on 
a  VPD  technology  concept.  The  reader  should  be  aware  that  numerous  factors 
may  detract  from  the  significance  of  the  data  reported  in  this  document. 

The  "grains  of  salt"  to  be  applied  are  identified  below: 

a.  Time  Constraints:  The  total  Technology  Assessment  Study  was 
accomplished  in  a  4-month  period.  A  greater  duration  of  the  effort 
might  have  contributed  to  a  deeper  understand! ng  of  the  issues 
involved. 

b.  Subjects:  The  Ss  were  assumed  to  be  representative  of  the  pilots 
who  will  eventually  fly  the  LHX/SCAT.  They  may,  in  fact,  be  too 
highly  experienced.  The  Ss  were  available  for  participation  in  the 
Pro-SWAT  and  rating  scale  data  collection  for  only  a  single  day.  A 
longer  data  collection  period  might  have  affected  their  responses. 
Only  11  Ss  (10  military)  participated.  A  greater  number  of  Ss 
might  have  yielded  more  reliable  results  although  the  group 
appeared  to  be  relatively  consistent  (Figure  17). 

c.  MEP:  Although  AVSCOM  participated  in  the  preparation  of  the  MEP 
portion  of  the  briefing  to  the  Ss  and  other  available  references 
were  employed  in  an  attempt  to  assure  the  sufficiency  and  accuracy 
of  the  MEP  description,  this  area  was  still  undergoing  refinement 
by  the  Army  during  the  period  of  the  Technology  Assessment  Study.' 
Any  differences  between  the  final  MEP  and  that  presented  to  the  Ss 
might  have  resulted  in  different  responses. 

d.  Mission  Scenario:  The  mission  scenario  synthesized  by  the  AFAMRL 
was  based  on  all  available  documentation  and  was  reviewed  by 
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representatives  of  the  Army  Aviation  Center.  The  actual  mission 
asking  appropriate  to  the  LHX/SCAT  weapon  system  may  differ  some¬ 
what  from  this  description  which  might  affect  the  actual  workload 
levels  to  be  experienced. 

a.  Pro-SWAT  Data:  Because  of  time  constraints,  all  crew  system  con¬ 
cepts  were  compared  for  each  mission  segment  sequentially.  This 
might  have  been  a  weakness  in  methodology  and  a  random  order  pre¬ 
sentation  of  crew  system  concept/mi ssinn  segments  might  have 
produced  more  reliable  responses.  Secondly,  no  man-in-the-loop 
simulation  was  possible.  Simulation  might  have  resulted  in  the  Ss 
obtaining  a  better  (different)  understanding  of  the  concepts  (and 
of  the  ME?  and  mission).  Simulation  is  planned,  however,  during 
subsequent  VPD  technology  development  and  validation  efforts. 

f.  ''Ideal''  C^ew  System  Interface:  The  five  concepts  were  presented  in 
order  cf  increasing  FOV.  This  may  have  influenced  both  the  strong 
expectation  for  reduced  workload  with  larger  FOV  options  found  in 
the  data  and,  also,  might  have  led  to  the  Ss'  apparent  expectation 
that  a  concept  very  similar  to  the  panel -mounted  projection  display 
system  (the  last  option  presented  to  them)  would  be  an  ideal  crew 
system  interface. 

These  several  caveats  are  not  intended  to  suggest  that  the  data  are  highly 
suspect.  Rather,  they  should  serve  as  guidance  for  follow-on  experiments  to 
be  conducted  in  extension,  refinement,  and  validation  of  the  present  research. 

FINDINGS 

Pro-SWAT 

The  predicted  workload  data  suggest  two  major  findings: 

a.  A  wide  range  i  .  workload  may  be  expected  to  be  encountered  during 
the  conduct  of  an  LHX/SCAT  mission  (Figures  9  through  15).  The 
exact  level  of  workload  that  will  be  experienced  may  be 
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significantly  modified  by  the  crew  system  interface  concept 
employed  by  the  weapon  system.  The  minimum  expected  workload 
level  was  found  for  the  cruise  mission  segment,  employing  Option  4 
(cockpit-mounted,  wide  FOV,  projection  display),  and  the  maximum 
expected  workload  level  was  encountered  for  the  A/G  attack  mission 
segment  using  the  baseline  (HDD)  crew  system  VPO. 

b.  The  VPO  concepts  are  predicted  to  be  significantly  different  from 
each  other  in  terms  of  the  level  of  workload  to  be  expected  in 
applying  them  to  LHX/SCAT  mission  tasks  (Figure  9  and  Table  4). 
Over  the  six  mission  segments  studied,  the  baseline  and  Option  1 
(narrow  FOV,  monocular  HMD)  were  never  statistically  different 
from  each  other  and  always  were  associated  with  the  highest  levels 
of  workload.  Options  3  (wide  FOV,  binocular  HMD)  and  4  were  never 
statistically  different  from  each  other  and  always  were  associated 
with  the  lowest  levels  of  expected  workload.  The  baseline  and 
Option  1  (as  a  group)  were  significantly  different  from  Options  3 
and  4  (as  a  group) . 


Rankings 

Nine  qualitative  dimensions  were  examined.  In  every  case,  the  baseline  and 
Option  1  (as  a  group)  received  the  poorest  score  (least  desired,  made  small¬ 
est  contribution  to  effectiveness,  etc.)  and  Options  3  and  4  (as  a  group) 
received  the  best  score.  In  all  but  one  case  (communications),  these  two 
groups  were  highly  significantly  different  from  each  other. 

a.  Situational  Awareness:  The  concepts  fell  into  three  groups 

(Figure  18).  The  baseline  and  Option  1  were  expected  to  support 
situational  awareness  to  the  least  extent.  Option  2  formed  a 
group  by  itself,  between  the  other  two  groups.  Options  3  and  4 
were  expected  to  support  situational  awareness  to  the  greatest 
extent . 


Overall  Mission  Effectiveness:  The  groupings  were  identical  to 
those  found  for  Situational  Awareness  (Figure  19). 

Pilotage:  Two  groups  of  the  VPD  concepts  were  found  (Figure  20). 
The  baseline  and  Options  1  and  2  formed  the  group  expected  to 
least  support  accomplishment  of  the  pilotage  function;  Options  2, 
3,  and  4  for  the  second  group.  (The  ambiguous  presence  of 
Option  2  in  both  groups  means  only  that  it  was  not  felt  to  be 
significantly  different  from  any  of  the  four  other  VPD  concepts  in 
its  ability  to  contribute  to  pilotage.) 

Navigation:  Three  groups  were  found  (Figure  21).  The  baseline 
and  Options  1  and  2  formed  a  group  that  was  expected  to  least 
contribute  to  task  accomplishment.  Options  2  and  3  formed  a 
second  group.  Options  3  and  4  formed  a  group  that  was  expected  to 
make  the  greatest  contribution  to  performing  navigation  tasks. 

Communications:  Three  groups  were  found  (Figure  22).  The  base¬ 
line  and  Options  1  and  2  were  least  expected  to  support  this 
function.  The  baseline  and  Options  2  and  3  were  expected  to  per¬ 
form  somewhat  better.  Options  2,  3,  and  4  were  expected  to  best 
support  accomplishment  of  this  function. 

Target  Acquisition:  Three  groups  were  found  (Figure  23).  The 
baseline  and  Options  1  and  2  were  expected  to  support  target 
acquisition  tasks  least  effectively.  Options  2  and  3  were  judged 
to  provide  somewhat  better  task  effectiveness.  Options  3  and  4 
were  expected  to  be  best  able  to  support  this  function. 

Weapon  Delivery:  The  groupings  were  identical  to  those  found  for 
Target  Acquisition  (Figu.e  24). 

Survivability:  Four  groups  were  identified  (Figure  25).  The 
baseline  and  Option  1  were  expected  to  make  the  least  contribution 
to  system  survivabil ity.  Options  2  and  3  were  viewed  as  the  sec¬ 
ond  poorest  contributors.  Options  3  and  4  were  grouped  together 
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as  making  the  second  greatest  contribution,  and  Options  3  and  4 
were  expected  to  make  the  greatest  contribution. 


1.  Pilot  Community  Acceptance:  Three  distinct  groupings  of  the  VPO 
crew  system  interface  concepts  were  identified  (Figure  26). 

Options  3  and  4  formed  the  group  that  was  expected  to  be  the  most 
acceptable  to  the  LHX/SCAT  pilot  community.  Options  2  and  3  were, 
as  a  group,  the  second  most  acceptable.  The  baseline  and  Option  1 
were  rated  as  being  the  least  desired  by  the  pilot  community. 


"Ideal"  Crew  System  Interface 


The  VPO  crew  system  interface  designs  proposed  by  the  11  Ss  were  essentially 
the  same  as  Option  4.  Opportunities  were  identified  for  exploiting  the  very 
large  FOV  display  as  the  context  into  which  a  wide  variety  of  other  informa¬ 
tion  elements/sources  could  be  inset.  The  result  was  a  "virtual"  cockpit  in 
which,  almost  all  the  displays  and  MEP  controls  could  be  called  up  on  an 
as-needed  basis.  The  types  and  arrangement  of  displayed  information  subsets 
could  be  tailored  to  meet  the  needs  of  the  specific  mission  segment  and  the 
preferences  of  the  pilot. 


CONCLUSIONS 


a.  Options  3  and  4  appear  to  be  the  best  candidates  for  a  VPD-based 
crew  system  for  a  single-pilot,  LHX/SCAT  aircraft.  A  significant 
reduction  in  workload  is  to  be  expected  (based  on  the  Pro-SWAT 
findings)  with  these  concepts  versus  present  practice  in  cockpit 
design  (the  baseline  and  Option  1). 


b.  Options  3  and  4  are  expected  (based  on  the  ratings  questionnaires) 
to  make  the  greatest  contributions  to  achieving  and  maintaining 
good  situational  awareness,  supporting  mission  effectiveness,  and 
providing  required  functional  support  (pilotage,  navigation, 
communications,  target  acquisition,  weapon  delivery,  and  system 
survivabil ity) . 
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c.  Options  3  and  4  are  expected  (based  on  the  questionnaire  results) 
to  be  the  VPO  concepts  most  likely  to  be  accepted  in  practice  by 
the  LHX/SCAT  pilot  community. 

d.  Option  4  most  closely  resembles  the  crewstation  design  concept 
offered  by  the  Ss  themselves  as  representing  the  "ideal"  crew 
system  interface. 

e.  Option  2  (narrow  FOV,  binocular  HMD)  was  found  to  be  only  slightly 
less  capable  than  Option  3  in  terms  of  both  the  projected  workload 
and  the  opinion  rating  scale  data. 

RECOMMENDATION 

Options  3  and  4  should  oe  investigated  for  possible  application  to  the 
LHX/SCAT  weapon  system  as  the  VPD-based  crew  system  interface  concepts.  If 
funding/schedule  permit,  Option  2  should  also  be  included  in  this 
consideration. 
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DISPLAY  CONFIGURATION  QUESTIONNAIRE 
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Subject  Name: 


01 SPLAY  CONFIGURATION  QUESTIONNAIRE 

Situational  awareness  is  the  (.  ut's  ability  to  utilize  the  displays 
provided  in  the  cockpit  to  create  an  image  of  his  relationship  to: 

geographical  features  (physical  features  such  as  land,  water, 
mountains,  deserts;  political  divisions;  navigational  waypoints; 
weather  systems), 

terrain  obstacles  (trees,  rivers,  buildings), 
air  and  ground  threats, 
air  and  ground  targets, 
sister  ships,  and 

own-ship  health  and  status  (weapons,  mechanical,  flight  control) 
within  the  context  of  the  mission  he  is  to  perform. 


a.  Rate  the  degree  to  which  this  display  configuration  would  provide 
the  pilot  with  situational  awareness  for  performing  the  LHX.-SCAT 
mission. 

Circle  the  number  on  the  scale  below  which  you  feel  applies: 


1 . 2 . 3 . 4 . 5 . 5 . 7 

would  not  provide  would  provide  optimum 

acceptable  situational  situational  awareness 

awareness  for  each  phase  and  every 

aspect  of  the  LHX-SCAT 
mission 

b.  Comments  (What  motivated  your  decision  to  circle  the  number  on 
the  scale  above? ) : 
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2. 


UX-SCAT  m^s1on_effectixeness_  «1  U  depend  upon  the  success  of  the 

_„ot  to  perform  pilotage,  navigation.  cotamunlcations,  target 
p  _ 4u,Ki1Uv  functions. 


.--..I , 


.../•»  -inAn  rioliwerv 


!  '-  -“i 

i  '  .  \ 


a. 


How  do  you  feel  this  display  configuration 
success/effectiveness  of  the  LHX-SCAT  miss 


would  affect  overal 
ion  if  you  were  the 


1 


pilot? 


Circle  the  number  on 


the  scale  below  which  you  feel  applies. 


1 . 2 


3 . 4 . 5 


6 


—7 


display  would 
prohibit  effective, 
safe  completion  of 
critical  mission 
components 


display  would 
enable  effective, 
safe  accomplishment  of 
eacn  phase  and  every 
aspect  of  the  mission 


Comments: 
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h.  A 


u  tf  you  were  the  pilot,  how  well  do  you  think  this  display 
*  I »n  would  enable  you  to  perform  each  of  the  functions 

within  the  LHX-SCAT  mission? 

Circle  the  number  on  each,  scale  below  which  you  feel  applies: 

PILOTING:  1 . 2 . 3 . 4 . 5"  6 

*  n  _ 3 _ 4 - 5 - --6---  7 

NAVIGATION:  1 . 2' 

,  3 . 4 . 5 . 6 . 7 

COMMUNICATIONS:  1 . 2 . -> 

TARGET  ,  -  , _ 7 

,  «  .3 _ 4 - 5 - - - - 

ACQUISITION:  1 . 2 . i 

WEAPON  .  ,  . . 7 

,  ? _ 3 4 5- - ' 

DELIVERY:  1 - “”Z 

o  n  4—— -*5— ~ 

SURVIVABILITY:  1 . 2 . .  “ 

display  would 

"°“ld  enable  me  to 

prevent  me  successfully  perform 

from  performing  ^  functio„  f<)r  fhe 

this  function  for  the 

tn  LHX-SCAT  mission 

LHX-SCAT  mission 


Comments : 
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Rate  the  degree  to  which  you  feel  the  pilot  community  would  find  thi 
display  acceptable/desi ’•able  for  performing  an  IHX-SCAT  mission: 

Circle  the  number  on  the  scale  below  which  you  feel  applies: 


1 


2 . 3 . * . 5 


6 


7 


display  concept 
would  be  rejected 
by  the  pilot 
community 


display  concept 
would  be  accepted/desired 
by  the  pilot 
community 


Comments: 


Appendix  B 

COMMENTS  REGARDING  RATING  ASSIGNMENTS 


COMMENTS:  SITUATION  AWARENESS 
Basel ine 

"The  limited  FOV  of  the  HUD  would  require  more  crosschecking  of  the  cockpit 
to  understand  the  situation." 

"Due  to  lack  of  adequate  vision,  pilot  has  need  to  keep  his  head  on  a  pivot 
looking  outside  A/C." 

"HUO  limits  field  of  view.  Pilot  dependent  upon  A/'C  attitude  to  see  real- 
world  display." 

"You  have  to  move  the  whole  A/C  to  search  for  obstacles,  threats,  or  any¬ 
thing  else.  Cannot  see  to  the  side." 

"Limited  visual  assistance  for  night/adverse  weather  operations.  Cockpit 
complexity-hardware  operation.  Target  ID/acquisition." 

"My  concern  is  the  flexibility  of  the  HUD  to  enhance  situational 
awareness." 

"The  area  of  attention  (i.e.,  the  HUD)  does  not  provide  a  broad  enough 
scope  of  the  situation." 

"Too  many  information  areas  requiring  division  of  attention,  thus  reducing 
situational  awareness." 

"Basically  provides  situational  awareness  of  operational  environment,  but 
it  is  limited." 

"The  limited  FOV,  even  with  snap-look,  creates  an  unnatural  feeling  of  con¬ 
straint  on  head  movement." 

"Perceived  transitional  problems  when  going  from  HUD  to  CRT  to  HUD." 

Option  1 

"This  option  is  similar  to  the  baseline  in  that  it  requires  inside  the 
cockpit  time  to  become  fully  aware  of  the  situation." 

"Instrumentation  requires  independent  focal  plane.  No  peripheral  vision. 

You  have  to  decidedly  look  at  a  system  when  you  should  be  looking  somewhere 
else.  Too  many  buttons/swi tches  with  too  many  independent  systems.  System 
needs  to  be  more  integrated  with  prioritization  built  in." 

"Biggest  factor:  HMD  provides  a  'movable*  real-world  display.  Visual 
intrepretation  extremely  important." 
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“Limited  F0W.  Better  field  of  regard  (FOR).  You  ran  into  bincoular  rivalry 
between  HMD  display  and  what  is  going  on  in  the  cockpit  with  other 
displays." 

"Threat  acquisition  is  better  than  baseline  but  still  not  adequate.  Cockpit 
too  complex.  Does  not  lend  itself  well  to  battlefield  fluidity." 

"Situation  awareness  will  be  limited  because  of  HMD  (monocular).  I  like  the 
other  displays." 

"Provides  a  great  deal  of  information  but  the  pilot  has  to  work  for  it." 

"Configuration  is  basically  the  same  as  the  baseline,  therefore,  too  much 
diversion  of  attention.  However,  the  ability  (freedom)  to  slew  the  field  of 
vision  display  improves  the  capability." 

"Wider  field  of  view  with  HMD  provides  botter-than-basel ine  situational 
awareness,  but  still  limited." 

Option  2 

“With  the  binocular  FQV  and  touch  sensitive  display,  the  workload  has 
decreased  and  the  pilot  can  be  made  more  situation  aware  with  less  workload 
on  his  part." 

"Getting  better.  Everything  on  one  CRT.  The  only  other  thing  that  requires 
focal  attention  is  engine  status." 

"Binocular  FOV  will  decrease  psychological  stresses,  enabling  me  to  assimi¬ 
late  more  data  usefully." 

"I  feel  nothing  is  gained  with  binocular  FOV.  Maybe  if  I  flew  it  I  would 
change  my  mind." 

"Operation  simpler.  Field  of  view  better.  Improved  target  ID/ 
acquisition  capability." 

"Ir.  comparison  to  baseline  and  Option  1,  I  have  better  situational  awareness 
although  I  liked  the  separate  multifunction  displays  better  than  the  single." 

"Great  field  of  view.  Less  effort  on  the  part  of  the  pilot." 

“This  configuration  moves  the  pilot's  attention  more  to  the  outside  of  the 
cockpit  than  the  baseline  or  Option  1.  However,  it  doesn't  free  him  from 
continuous  return  to  receive  updated  info." 

"Binocular  HMD  is  probably  a  significant  visual  improvement.  Touch- 
sensitive  color  display  reduces  cockpit  workload  in  obtaining  situational 
awareness." 
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Option  3 

"All  functions  easier  and  made  available  to  the  pilot  in  a  wide'*  FOV  with 
all  necessary  info  available." 

"Field  of  view  greatly  enhanced.  Necessary  switches  in  two  places. 

Requires  focal  attention  inside  aircraft  only  briefly." 

"better  F«)V  more  information  to  *ly  by  and  to  search  for  other  targets." 

"Operational  simplicity,  field  of  view." 

"I've  lost  a  multifunction  disp’iy  and  although  I  know  that  the  display  will 
be  made  elsewhere,  I  think  that  Jie  second  MFD  is  neeced  for  situational 
awareness." 

"Same  af  Option  2." 

"This  *  'figuration  is  the  op!  imau  transition  to  future  technologies 
requir"  j  minimal  training  and  pjsitive  (?)  transfer  from  current  pilot 
under  ijnding." 

"HMD  >ld  of  view  'S  much  better  < r.  this  configuration  and  situational 
awa rene  is  is  much  improved." 

Option  l 

"Gocd  ^OV  and  aval 'abil icy  of  information." 

"Every  hi ng  is  there  to  see  without  focus  of  attention.  Everything  is  at 
arm's  each.  No  (minimal)  looking  down." 

"I:  hv.^  what  a  pilot  needs  to  fly.  More  visual  information.  Easier  to  scan 
moving  vour  eye  than  moving  your  head,  stop,  look,  move  your  head,  ..." 

"Field  of  view.  Target  IO/acqui si tion  capability.  Operational  simplic¬ 
ity.  \poarent  pilot  workload  reduction." 

'Inforiation  readily  available  to  pilot.” 

"Although  the  situational  awareness  is  outside  the  cockpit,  the  panorama  of 
informition  called  up  at  any  time  diverts  the  pilot's  attention." 

"Cockpit-mounted  display  shown  here  provides  a  much  better  awareness  of 
opera t i onal /situational  envi ronment ." 

COMMENTS:  MISSION  EFFECTIVENESS 

Basel  i  <  e_ 

"This  'ystem  would  provide  some  advantages  ever  current  A/C.  However,  it  is 
not  as  integrated'  as  needed.  Would  requir  -  too  much  head—n-the-  cockpit 
time." 
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"Navigation  system  is  the  plus  to  the  baseline.  Comms  easier  to  handle  (can 
change  without  releasing  col lecti ve) 

“This  is  all  based  on  experience.  Even  with  system  limitations,  a  pilot 
experienced  in  the  system,  who  has  adapted  to  system  constraints,  will 
perform  wel  1 

“The  display  is  hard  to  point." 

"Limited  visual  inhibits  night/weather  OPNS." 

"On  short  missions  the  pilot  would  be  OK  but  I  believe  on  extended  missions 
(one  hour  or  more)  the  pilot  would  become  fatigued." 

Option  1 

"The  inside-tne-cockpit  time  would  detract  from  performing  your  mission." 

"Navigation/comm  is  the  plus.  Systems  have  the  same  problems  as  baseline." 

"Pilots  adapt.  HMD  provides  increased  capjoility  while  actually  reducing 
pilot  workload." 

"The  HMD  can  work  for  pilotage  and  NAV.  Target  acquisition,  weapon  deliv¬ 
ery,  and  survivability  assume  you  will  have  to  change  magnification  and, 
therefore,  do  not  retain  pilotage  and  navigation. 

"Visual  system  limitations  (field  of  view).  Target  ID/acquisition. " 

"OK  for  short  missions." 

“Same  as  baseline." 

Option  2 

"Less  head-in-the  cockpit  time  allows  the  pilot  to  concentrate  his  attention 
on  the  situation  and  mission  rather  than  'working'  to  become  aware  of  it. 
This  should  result  in  increased  mission  effectiveness." 

"More  time  all oted— decrease  in  work/' look'  load." 

"A  psychologically  relaxed  guy  will  perform  better  (my  opinion)." 

"...  nothing  is  gained  with  binocular  FOV  ..." 

"lends  itself  better  toward  reducing  pilot  workload." 

"Improves  pilot  durability." 

Option  3 


"Pilot  given  more  time  to  keep  outside.  Systems  watch  themselves.  Minimum 
buttons." 
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j  "Better  FOV  to  fly  with  and  navigate,  but  still  ID  had-polnted  for  weapon 
|  delivery." 

i 

"...  second  MFD  is  needed  for  situation  awareness." 

Option  4 

"The  FOV  and  virtual  switching  decrease  workload,  thus  allowing  the  pilot 
time  to  concentrate  on  the  immediate  mission.  Result,  increased 
ef feet i veness . " 

"Everything  around/in  front  of  you  (vision,  switches,  systems,  etc.).  Pilot 
is  outside.  More  surv;  ole.  Always  acquiring  even  if  he  only  picks  up 
movement  out  of  the  cor-  ?r  of  his  aye.  System  (hopefully)  automation  in 
acquisition.  Pilot  only  has  to  react." 

"Best  option." 

"Serious  concern  on  display  fixation." 

COMMENTS:  FUNCTIONAL  SUPPORT 


Basel i ne 


"TGT  ACQ/WPN  delivery  not  timely.  HUD  monodi rectional ,  without  periph¬ 
eral.  Cross-focusing  attention  between  threat,  systems,  and  NAV  CRTs/ 
indicators  does  not  allow  total  system  knowledge  at  a  single  glance." 

"Target  acquisition  difficult  with  narrow  field  of  view.  Weapon  delivery 
only  marginally  easier." 

"At  night  you  could  not  see  anything  except  for  things  In  your  FOV.  I  would 
not  like  to  go  out  on  a  multiship  mission.  There  would  be  a  great  change  of 
mid-airs  such  as  with  the  old  full  face  goggles." 

"Mission  changes  could  be  a  problem,  i.e.,  updating  navigation  information 
or  entering  NAV  data.  Target  acquisition  in  such  a  limited  field  of  view 
will  be  a  snow  stopper." 

"The  'piloting'  would  be  degraded  because  of  the  constraints  cn  the  HUD." 
"Would  require  continuous  movement  by  the  pilot." 

"Once  again,  the  division  of  attention  in  this  configuration  prevents  full 
task  utilization  with  one  pilot." 

Option  1 

"Need  more  information  simultaneously  when  required." 

"Hue  to  separation  of  instrumentation,  we  still  have  a  requirement  to  focus 
on  too  many  independent  systems." 


<ey  word  would  still  be  adaptability. 


'"“f '!  im  n^fji 
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“Pilotage— very  high  workload  already.  NAV— time  to  interpret  what  you  are 
looking'at,  i.e.,  FUR  target  acquisition— if  flying  with  1  to  1  (unity) 
magnification,  no  better  than  naked  eye.  Weapon  del i very— Inaccuracy  of 
head  movement.  Survivabil ity— small  F0V.“ 

“Still  a  large  workoad  for  a  single  cockpit.  Not  enough  help  in  the  visual 
system 

"...  there  are  constraints  on  the  monocular  HMD." 


"Navigation  and  communications  information  appears  ore  readily  available." 

"This  configuration  is  obviously  suited  to  a  scat  role,  whereby  those 
inherent  functions  are  connected  to  head  movement." 


"Only  improvement  over  baseline  is  field  of  view,  but  it  is  an  Improvement." 
Option  Z 

"The  pilot  is  made  aware  of  the  situation  easier,  thus  giving  him  time  to 
perform  these  tasks." 

"The  more  time  the  pilot  has  to  keep  his  head  outside  the  aircraft  (saved  by 
not  looking  at  three  different  systems,  versus  two,  and  pushing  buttons), 
the  more  acquisition/WPN  delivery/survivable  you  (have)/are  (more 
awareness) ." 

"Better  field  of  view." 


"...8ased  on  the  capability  of  ’seeing*  outside  the  cockpit." 

"Pilot  appears  to  have  better  access  to  weapons  systems  and  threat  Info." 

“With  his  attention  outside  more,  the  pilot  is  in  a  more  comfortable  psycho¬ 
logical  state,  improving  performance. 

Option  3 


"...  due  to  increased  filed  of  view  and  time/work/look  load  decrease." 


“Getting  better!" 

"Greater  field  of  view  might  improve  threat  survivability." 

"Sarnie  as  Option  2." 

"With  the  HMD,  the  pilot  is  free  to  move  his  sights  where  he  wants  them.  He 
can  accentuate  his  FOV  with  optics  and  minimize  his  workload." 


"8etter  than  (AH-)58/Cobra/AAH." 

"Pilotage,  NAV--sounds  and  looks  like  it  is  day  VFR  flying  at  night.  Target 
acquisition,  survivabi1ity--can  detect  movement  easier  ...  it  is  all  in  your 
p0V  so  you  can  sense  movement  in  your  peripheral  vision.  Weapon 
del ivery--just  point  better  than  a  gunner." 

“Pilots  can  always  get  lost.  The  weapons  and  threat  information  will  create 
better  awareness  on  the  part  of  the  pilot." 

COMMENTS:  PILOT  ACCEPTANCE 

Baseline 

"This  configuration  appears  to  be  only  a  step  in  the  right  direction. 

Pilots  would  prefer  it  over  current  cockpits,  but  would  want  further  inte¬ 
gration  to  make  the  job  easier." 

"Better  than  0H-58A/C/O  AHIP  with  reference  to  NAV,  COMM,  etc.  However, 
confusing  with  reference  to  ‘where  to  look'  to  get  'what  information1." 

"Compared  to  the  other  options,  this  is  the  least  desirable.  Of  course,  the 
SCAT  community  would  adapt  it  to  optimize  performance." 

"Target  acquisition  limitations  create  a  problem  in  the  attack  role." 

"It  would  be  accepted  as  is  if  placed  in  the  aircraft.  But  when  a  better 
system  evolved,  all  pilots  would  ask  for  the  better  system." 

"Would  be  an  improvement  over  anything  currently  in  use." 

"It  is  better  than  nothing,  which  we  have  now,  but  could  be  easily 
improved." 

"Although  this  is  the  'here  and  now'  state  of  the  art,  it  is  limited  in  its 
use  for  some  IHX-type  missions." 

Option  1 

"...  better  than  current  systems  but  still  stops  short  of  what  is  needed  to 
be  successful  in  a  one  man  IHX." 

"8etter  than  0H-58/A/C/0  and  AHIP." 

"Preferable  in  some  cases  to  what  we  have  now.  FUR  is  question  mark  in  my 
mind." 

"From  experiences  in  PNVS,  would  it  be  compatible  with  glasses?" 

"Coping  with  battlefield  changes  might  create  a  dangerous  distraction. 

'Cover  me  while  I  reprogram  the  system'  might  become  a  common  phrase." 
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"The  helmet  mounted  display  might  require  extensive  training,  initially  for 
pilot  acceptance  since  it  is  a  major  change  from  current  operation.  It 
would  probably  be  gradually  accepted,  however." 

"Would  improve  mission  success." 

"The  present  community  is  comfortable  with  this  configuration  only  because 
it  is  familiar." 

"Better  than  baseline  configuration  for  field  of  view,  but  still  limited." 
Option  2 

"Less  head-i n-the-cockpi t  time  allows  the  pilot  to  concentrate  his  attention 
on  the  situation  and  mission  rathe."  than  working'  to  become  aware  of  it.  - 
This  should  result  in  increased  mission  effectiveness." 

"More  time  al loted--decrease  in  work/’look’  load." 

"A  psychologically  relaxed  guy  will  perform  better  (my  opinion)." 

"...  nothing  is  gained  with  binocular  FOV." 

"Lends  itself  better  toward  reducing  pilot  workload." 

"Improves  pilot  durability." 

"Better  th*n  OH-58  series  and  Cobra." 

"Increased  capability,  slightly  reduced  workload." 

"This  option  would  be  more  readily  accepted  than  Option  1." 

"More  information  to  pilots." 

"This  configuration  reaches  the  limits  of  current  understanding  and,  there¬ 
fore,  would  require  some  initial  use  for  acceptance." 

Option  3 

"All  necessary  information  is  made  available  to  the  pilot  in  a  wide  FOV 
allowing  him  to  have  a  larger  situation  awareness  window  with  information 
when  needed." 


"Better  than  [0H-]58/Cobra;  same  as  AAH." 


"Virtual  keyborad  is  far  out  feature!" 

"More  info/less  effort  on  the  part  of  the  pilot." 

“Although  this  is  the  optimum,  there  would  be  increased  training  required." 
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Option  4 

“In  my  opinion,  similar  to  Option  3.  Either  option  would  be  accepted  by  the 
pilots  as  acceptable." 

“Same  general  comments  as  for  Option  3.'' 

“Where  are  backup  i nstruments?" 

"I  feel  that  nis  option  would  probably  suit  me  best.  Actually  in  such  a 
cockpit  may  cause  me  to  reconsider." 

“The  new  pilots  are  from  the  Star  Wars  and  Iron  generation  and  will  accept 
the  technology." 

"Once  again  any  information  called  to  the  display  diverts  the  pilot's 
attention.  Whereas,  if  he  knew  to  look  in  one  spot  (Option  3)  his  attention 
is  controlled." 
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R-II-1.  The  report,  "Human  Factors  Engineering  Review  of  the 
Integrated  Crewstation  for  the  Light  Helicopter  Family  (LHX)"  is 
reproduced  on  the  following  pages.  The  report  was  prepared  by 
Richard  N.  Armstrong  of  the  Human  Engineering  Laboratory,  Fort 
Rucker,  AL. 
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1.  OVERVIEW. 

The  combat  effectiveness  of  the  light  helicopter  family  (LHX)  largely 
depends  on  the  aircrew's  ability  to  successfully  operate  the  aircraft  and  its 

*  onboard  equipment  and  systems  in  flight.  To  obtain  the  best  overall  opera¬ 
tional  effectiveness,  the  interface  between  the  aircrew  and  aircraft  must  be 
designed  to  effectively  capitalize  on  the  capabilities  of  technology  and  the 
aircrew. 

Early  crews ta tion' s  designs  were  relatively  uncluttered  and  contained  only 
minimal  instrumentation,  displays,  controls,  and  flight  systems  necessary  for 
optimal  daylight  flying.  These  systems  were  well  within  the  capabilities  and 
workload  limitations  of  the  aircrews.  As  the  full  potential  of  Army  aircraft 
was  realized,  mission  requirements  and  aircraft  crewstation  configurations 
began  to  change.  New  dedicated  devices  and  systems  were  added,  each  competing 
for  the  limited  space  within  the  field  of  view  (FOV)  and  reach  of  the  aviator. 
Each  new  function  or  system  added  normally  resulted  in  the  addition  of  one  or 
more  dedicated  displays  or  controls.  Due  to  the  limited  space  within  the 
crewstation,  it  was  uot  always  possible  to  place  the  new  controls  or  displays 
in  a  position  that  maximized  human  effectiveness. 

The  additional  workload  imposed  by  the  large  variety  of  systems  incor¬ 
porated  Into  the  crewsta tions  was  further  complicated  by  more  demanding 
missions.  When  the  primary  Army  aviation  mission  was  combat  support, 
transporting  soldiers  and  equipment  at  relatively  high  altitudes,  aviators 
were  afforded  more  than  sufficient  time  to  cross-check  Instruments,  tune 
radios,  monitor  their  crewstation  systems,  and  fly  the  aircraft.  With  the 
addition  of  close  combat  missions  and  the  advent  of  highly  sophisticated 
ground-to-air  weapons  deployed  by  the  enemy.  Army  aviation  was  required  to 
change  tactics.  The  luxury  of  flying  well  above  the  terrain  Is  no  longer 
affordable.  Helicopters  are  now  required  to  utilize  terrain  flight  tech¬ 
niques,  often  flying  below  treetop  levels  to  avoid  enemy  detection.  When 
flying  in  the  terrain  flight  regime,  most  of  the  aviator's  attention  must  be 
concentrated  outside  the  aircraft,  leaving  little  time  for  monitoring  instru- 

*  ment3  or  for  operating  controls  and  systems  inside  the  crewstation. 

The  requirement  to  be  able  to  fly  and  fight  around-the-clock  further  com¬ 
pounds  the  problem.  When  flying  at  night  or  at  reduced  visibility  levels,  the 

*  aviator's  capability  to  see  things  outside  the  aircraft  is  greatly  reduced. 

To  ease  the  burden  of  flight  at  night,  new  technologies  like  image  intensifi¬ 
cation  night  vision  goggles  (NVG),  low-light  level  video  cameras  (LLTV),  and 
Infrared  (IR)  video  systems  have  been  incorporated  into  Array  helicopters. 

Thes*  systems  do  provide  an  enhanced  night  flight  capability,  but  they  have 
increased  the  number  of  displays  and  controls  the  aviators  of  dual-crew 
aircraft  must  be  attentive  to,  thereby  increasing  the  aircrew  workload. 
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The  increased  demands  of  future  conflicts,  coupled  with  the  addition  of 
new  and  more  complex  systems  ir.  the  crewstation,  could  easily  reach  a  point 
where,  if  not  properly  integrated,  the  crew  workload  or  attention  level  may 
prevent  obtaining  the  maximum  effectiveness  from  the  aircrew  and  aircraft  in 
the  highly  intense  and  dynamic  conflicts  of  the  future. 

Technological  advances  over  the  past  years  have  demonstrated  a  con¬ 
siderable  increase  in  the  capability  of  aviation  systems  and  mission  equip¬ 
ment.  Human  or  aircrew  capabilities,  on  the  other  nand,  have  increased  in  the 
domain  of  knowledge  and  training,  but  the  aircrew's  cognitive  and  sensory 
capabilities,  anthropometry,  and  environmental  requirements  have  changed  very 
little.  For  example,  the  capability  to  present  visual  information  on  displays 
in  the  cockpit  has  changed  from  the  dedicated  dial  and  moving  needle  to 
graphically  oresenting  information  on  electronic  displays.  The  aviator's 
visual  capabilities  and  limitations,  on  the  other  hand,  remain  essentially  the 
same  as  they  were  in  the  past.  To  assure  the  success  of  the  LHX  in  future 
conflicts,  aircrew  workload  must  not  be  allowed  to  exceed  a  level  that 
restricts  the  effective  use  of  the  full  aircraft  capabilities. 

Applying  advanced  technology  is  certainly  an  appropriate  way  to  improve 
performance  and  overcome  the  space  and  weight  limitations  in  modern  aircraft, 
as  long  a3  its  use  remains  within  the  abilities  and  capabilities  of  aircrew 
'.hat  must  operate  the  system.  The  change  from  current  crewstation  con¬ 
figurations  to  a  more  sophisticated  design  is  expected  to  shift  the  crew, 
workload  from  one  that  is  manual  or  physical  to  one  that  is  more  demanding 
from  a  cognitive  and  mental  workload  aspect.  In  effect,  the  aviator  whose 
role  in  the  past  was  one  of  system  operator  and  information  integrator  becomes 
one  of  a  system  manager. 

Electronic  and  avionics  systems  may  be  available  in  the  LHX  development 
time  period  that  can  gather  and  provide  all  the  information  needed  to  fight 
and  win  future  conflicts.  The  information  can,  however,  only  be  useful  If 
presented  to  the  aircrew  at  a  rate  they  can  assimilate  and  effectively  use. 

To  best  optimize  available  technology,  it  is  vital  that  the  aircrew  be  pro¬ 
vided  essential  flight  and  mission  information  in  a  way  that  allows  them  to 
become  an  integral  part  of  the  system.  The  operation  of  advanced  Army  combat 
aircraft  demands  that  information  be  organized  and  presented  so  that  the 
aircrew  will  be  provided  with  preprocessed  data  relevant  to  the  specific 
mission  or  flight  phase  they  are  engaged  in. 

The  challenge  in  the  LHX  i3  to  maximize  system  performance  through  the 
appropriate  assignment  of  mission  functions  to  the  aircrew  and  the  aircraft  in 
a  way  that  uses  the  best  attributes  of  both  man  and  machine.  The  crewstation 
displays  and  controls,  with  which  the  aircrew  interact,  mu3t  be  designed  to 
capitalize  on  the  crew's  capabilities.  One  of  the  goals  of  the  LHX  program  is 
to  design  an  aircraft  that  is  mission  effective  with  a  single  crewmember.  To 
acecmDiish  that  goal,  the  functions  now  performed  by  the  second  crewmember  in 
current  aircraft  must  be  automated  or  t^ansfered  to  the  single  crewmember . 

Flying  low  levels  and  NOE  below  treetop  levels  is  extremely  demanding  on 
the  flight  crew.  NOE  flight  requires  the  pilot  to  focus  most  of  his  visual 
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attention  outside  tne  crewstation  while  rapidly  maneuvering  the  aircraft 
around  obstacles  in  the  flight  path.  Add  the  other  crew  tasks  like  naviga¬ 
ting,  communicating,  target  acquisition  and  engagement  and  monitoring  of  the 
aircraft  subsystems,  and  the  demand  on  the  aircrew's  physical  and  mental 
abilities  rapidly  increases.  The  requirement  to  fly  and  fight  around-the- 
clock  further  compounds  the  problem. 

The  increasingly  hostile  environment  Army  aviators  must  fight  in  and  the 
number  and  complexity  of  new  aviation  systems  requires  a  large  amount  of 
information  be  presented  to  and  assimilated  by  the  aircrew.  The  most  essen¬ 
tial  ingredient  of  the  design  of  the  L'dX  for  the  future  battlefield  is  the 
integration  of  the  vast  amount  of  information  provided  by  the  aircraft  sensors 
into  a  form  that  can  easily  be  interpreted  and  U3ed  by  tne  aircrew. 

The  goal  of  a  single-crewmember  LHX  demands  an  even  more  efficient 
crewstation  design.  The  full  integration  of  the  Information  displays,  the 
control  techniques  employed,  and  the  capabilities  and  limitations  of  the 
aircrew  at  a  level  much  greater  than  current  aircraft  is  mandatory,  if  that 
goal  is  to  be  achieved.  The  functions  the  a  ire,  rew  must  perform  in  the  LHX 
fall  into  the  major  functional  areas  of  flight  control,  navigation,  com¬ 
munication,  target  acquisition  and  engagement,  survivability,  and  system 
status  monitoring. 

Each  of  these  functions  is  of  prime  importance  when  the  LHX  enters  combat. 
The  inability  of  the  aircrew  to  effectively  perform  any  one  of  these  functions 
could  result  in  degraded  performance  and  loss  of  mission  success. 

A  review  of  the  crewstation  integration  of  recently  developed  aircraft 
supports  that  hypothesis.  Both  the  AH-64  attack  helicopter  and  the  OH-58D 
scout  helicopter  requires  a  crew  of  two  to  peform  their  missions  even  though 
3orae  of  the  technology  and  crewstation  Integration  proposed  for  the  LHX  can  be 
found  in  those  helicopters. 

In  a  single-crew  LHX,  many  of  the  crew  duties  must  be  automated  to  take  up 
the  slack  left  by  the  second  crewmember.  That  automation  must  be  extensive 
and  flexible  enough  to  provide  the  crew  the  option  to  use  whatever  automation 
is  best  suited  for  the  particular  mission  they  are  involved  in  at  a  specific 
time. 


A  review  of  the  major  human  factors  engineering  issues  of  the  LHX  crew¬ 
station  integration  concerns  has  indicated  that  the  capabilities  and  limita¬ 
tions  of  the  human  must  receive  additional  consideration.  The  LHX  is  expected 
to  be  a  highly  automated  helicopter  with  the  capability  to  provide  the  aircrew 
with  a  continuous  flow  < ?  essential  information.  It  is  the  integration  of 
that  information  into  the  crewstation,  along  with  the  processing  of  that 
information  by  the  crewmembers  and  the  resulting  control  actions  on  the  part 
of  the  aircraft  that  require  much  attention  from  the  human  factors  engineering 
viewpoint.  Traditionally,  the  system  design  phase,  making  the  hardware  work, 
has  consumed  most  of  the  alLotted  time  scheduled  for  development  of  a  new 
aircraft.  If  the  LHX  is  to  truly  provide  the  effective  combat  system  needed 
to  meet  the  future  threat,  the  human  factors  engineering  effort  must  be  given 
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as  equal  an  emphasis  as  Che  hardware  operational  design.  The  human  factors 
engineering  analyses  presented  in  the  AVSCOM  TOD  and  this  TRADOC  TOA,  along 
with  the  preliminary  results  provided  thus  far  from  the  ARTI  program,  all 
contribute  to  the  assessment  of  the  soldier-machine  interface  of  the  LHX  and 
the  enhancement  of  the  crew’s  operational  capabilities  and  the  manpower,  per¬ 
sonnel,  and  training  requirements.  These  preliminary  efforts  provide  a 
framework  for  the  development  of  the  LHX  but  do  not  answer  all  the  human 
factors  engineering  related  issues.  Human  factors  engineering  for  the  LHX 
crevstation  is  part  of  an  iterative  design  process  that  must  be  continually 
reviewed  and  updated.  The  operational  success  of  the  LHX  on  the  battlefield 
Is  dependent  on  that  process  continuing. 

The  remainder  of  this  paper  will  address  various  aspects  of  the  LHX 
crewstation  and  examine  some  of  the  crew  functions  for  which  new  technology 
may  positively  impact.  Workload  is  considered  in  light  of  the  time  spent  on 
specific  crew  activities  or  the  attention  aviators  must  devote  to  any  specific 
aircraft  function,  '’'he  major  areas  considered  include:  navigation; 
communications;  flight  controls;  subsystem  monitoring;  target  acquisition/ 
designation;  survivability  systems;  nuclear,  biological,  and  chemical  (NBC) 
protection;  life  support  equipment;  and  controls  and  displays.  Each  of  those 
areas  are  discussed  separately,  but  in  the  final  LHX  configuration,  it  is 
essential  rbv  "hey  be  fully  integrated  to  provide  minimal  workload  for  the 
aircrew.  The  major  sources  of  information  considered  in  this  analysis 
included  the  Army  Aviation  Mission  Area  Analysts  (AAMAA),  the  LHX  Trade-Off 
Determination  (TOD),  and  the  individual  reports  submitted  for  inclusion  in  the 
U.S.  Army  Aviation  Center's  (USAAVNC)  Trede-Off  Analysis  (TOA).  It  is  assumed 
that  the  detail  design  of  the  airframe,  crewstation,  and  the  controls  and 
displays  will  incorporate  all  human  engineering  principles  and  data  regarding 
the  physiological  and  mental  capabilities  and  limitations  of  the  air  and 
ground  crews  expected  to  operate,  maintain,  and  rearm  and  refuel  the  LHX. 

2.  NAVIGATION. 

The  success  of  the  LHX  in  future  conflicts  will  depend  primarily  on  the 
ability  of  the  aircrew  to  maneuver  their  aircraft  to  the  right  place  at  the 
right  time.  That  ability,  in  turn,  depends  on  being  able  to  successfully  per¬ 
form  the  task  of  navigation.  In  that  regard,  navigation  encompasses  not  only 
movement  from  one  point  on  the  battlefield  to  another  but  the  ability  to 
accurately  accumulate,  record,  use,  and  transmit  position  information  con¬ 
cerning  the  threat  and  friendly  forces.  Mission  success  also  requires  the 
crew  to  maintain  an  overall  situation  awareness  of  the  rapidly  changing  tac¬ 
tical  situation  around  them. 

Studies  and  evaluations  of  the  relationship  between  human  performance  and 
currently  fielded  navigation  systems  reveal  that  they  yield  performance  less 
than  that  needed  for  the  LHX.  This  less-than-desired  performance  is  due,  in 
part,  to  a  number  of  factors  including  loss  of  perspective,  map  design,  navi¬ 
gation  sensor  accuracy,  and  display  designs.  Evaluations  of  more  recently 
developed  and  available  navigation  systems  indicate  those  systems  do  much  to 
enhance  the  present  capabilities  to  navigate  and  maintain  a  situational  aware¬ 
ness  of  the  battlefield,  but  further  improvements  are  needed  if  the  maximum 
effectiveness  of  the  LHX  capabilities  is  to  be  realized. 
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Projected  map  displays  ( PMD )  utilizing  remote  map  reader  technology  that 
take  map  information  stored  on  film  and  project  it  onto  a  multifunction 
display,  improve  current  systems  by  taking  the  traditional  map  Information  out 
of  the  aviators  lap  and  placing  it  on  a  display  in  the  instrument  panel  of  the 
aircraft.  In  tests  conducted  so  far,  an  aircrew  of  two,  when  using  a  pro¬ 
jected  map,  can  navigate  terrain  more  rapidly  with  fewer  delays  and  course 
disorientation  and  less  visual  attention  devoted  to  the  navigation  task  than 
previous  navigation  systems.  The  copilot/navigator  does,  however,  still 
devote  about  one-fourth  of  his  total  visual  attention  to  the  navigation 
system.  In  addition,  the  navigation  system  requires  manual  updating  every  10 
to  15  minutes  of  flight. 

Digital  map  technology,  because  of  its  inherent  flexibility,  provides  a 
greater  potential  for  mission  success  in  the  LHX.  The  digital  map  approach 
uses  as  its  source  of  information  geographic  data  produced  by  the  Defense 
Mapping  Agency  in  a  digital  form  that  can  be  stored  in  the  memory  of  flight 
computers.  During  flight,  these  data  are  converted  back  into  a  display  that 
can  be  used  by  the  aircrew.  The  digital  map  technology  not  only  lias  the 
potential  to  provide  a  horizontal  display  much  like  the  projected  map  display, 
but  when  fully  developed,  it  could  provide  a  vertical  display  as  well. 

Another  advantage  of  the  digital  map  system  is  the  capability  for  the  aircrew 
to  select  the  type  and  amount  of  information  to  be  displayed.  Because  of 
their  common  tri-service  use  by  both  ground  and  air  forces,  current  paper  maps 
and  projected  map  displays  often  contain  more  information  than  can  be  used  by 
Army  aviators.  With  the  digitally  generated  data  base  only  the  information 
that  the  aviator  chooses  is  presented  on  the  crewstation  display.  In  a  sense, 
the  digital  map  dispLay  can  be  decluttered.  The  digital  map  system  also  has 
the  potential  to  automatically  calculate  and  display  the  optimal  flight  path 
the  aircraft  can  follow  to  best  avoid  the  known  threats.  The  exact  level  of 
visual  attention  and  crew  workioad  required  by  the  digital  map  system  ha?  not 
yet  been  determined.  The  available  systems  are  still  in  the  simulation  eval¬ 
uation  stage.  It  is  speculated  that  the  visual  attention  will  be  less  than 
that  of  the  PMD,  but  it  could  still  be  relatively  high.  If  the  visual  atten¬ 
tion  and  crew  workload  associated  with  the  panel-mounted  digital  navigation 
system  approaches  that  of  the  panel-mounted  display  (PMD),  additional  display 
techniques  will  be  necessary  to  enhance  the  LHX  performance,  specifically  in  a 
single-crew  LHX.  While  flying  missions  at  terrain  flight  Levels,  the  single 
crewmember  should  devote  as  much  visual  time  outside  the  crewstation  as 
possible.  He  can  ill  afford  to  spend  one-fourth  of  his  attention  on  the  navi¬ 
gation  task.  Navigation  information  should,  therefore,  be  provided  to  the 
aviator  in  a  manner  that  allow  him  to  keep  his  eyes  outside  the  crewstation 
during  terrain  flight.  Simulation  and  flight  tests  to  specifically  address 
the  most  effective  means  of  providing  navigation  information  to  the  aircrew, 
when  their  attention  is  focused  outside,  will  be  necessary  if  maximum  effec¬ 
tiveness  of  the  LHX  is  to  be  obtained. 

The  digital  map  data  base  also  has  the  potential  to  provide  inputs  into  an 
automatic  terrain  following  and  avoidance  system.  With  such  a  system,  the 
pilot  could  be  relieved  of  much  of  the  workload  associated  with  the  task  of 
flying.  That  technology,  unfortunately,  has  not  yet  matured.  The  current 
digital  data  base,  with  around  100- meter  (ra)  accuracy,  along  with  sensors  to 
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detect  snail  objects  like  buildings,  trees,  and  wires  require  considerable 
improvement  if  full  terrain  following  and  avoidance  are  to  be  achieved. 

The  LHX  navigation  system  review  indicates  that,  at  a  minimum,  a  horizon¬ 
tal  situation  map-like  display  should  be  provided  that  gives  the  aircrew  real¬ 
time  accurate,  spatial  information  concerning  their  aircraft  position  and  the 
position  of  friendly  and  threat  forces  during  day,  night,  and  adverse  weather 
conditions.  In  addition,  the  system  should  allow  the  aircrew  to  rapidly 
obtain  information  from  the  display  with  minimal  head  downtime  inside  the 
crewstation,  provide  a  means  to  automatically  update  the  position  information, 
allow  the  user  to  annotate  the  display  with  friendly  and  threat  information, 
and  provide  the  capability  to  rapidly  transfer  information  to  other  members  of 
the  combined  arms  team.  The  need  to  develop  methods  and  techniques  to  allow 
the  aviator  to  keep  his  attention  focused  outside  the  aircraft  while  naviga¬ 
ting  is  of  particular  importance  to  the  single-crew  aircraft  where  the  copilot 
is  no  longer  available  to  attend  to  the  navigators  task.  From  a  human  factors 
engineering  perspective,  the  potential  of  the  digital-based  navigation  system 
appears  to  provide  the  better  choice  for  the  LHX,  assuming  the  systems 
currently  under  development  are  sufficiently  mature  by  the  full-scale  develop¬ 
ment  phase  of  the  LHX.  If  the  goal  for  a  single-crew  LHX  is  to  be  accom¬ 
plished,  a  high  priority  must  be  placed  on  the  improvement  of  navigation 
sensor  accuracy,  the  availability  and  accuracy  of  digital  data  base  Informa¬ 
tion,  and  improved  methods  for  displaying  navigation  information  to  the 
aircrew. 

Any  candidate  navigation  system  for  the  LHX  should  be  considered  in  terms 
of  the  system  workload  demand.  Navigation  systems  typically  demand  to  be  fed 
information  during  system  start-up  and  alignment,  flight  planning,  sensor 
updaing,  and  en  route  waypoint  entry.  Currently  fielded  systems  require  from 
5  to  20  minutes  to  load  data  through  a  keyboard  during  the  pre-takeoff  phase 
of  the  mission.  Updating  the  navigation  svstem  accuracy  is  required  on  a  fre¬ 
quent  basis  during  the  mission  and  the  crew  must  spend  valuable  time  telling 
the  navigation  system  its  present  position  30  that  it  can  then  tell  the  crew 
their  present  position  for  the  next  few  minutes.  Data  loading  should  be  able 
to  be  acccmDlished  in  the  aircraft  without  using  a  keyboard  and  should  not 
require  more  than  a  few  minutes.  System  updating  should  be  required  infre¬ 
quently  and  easily  accomplished.  The  navigation  system  should  support  the 
pilot  in  the  performance  of  his  mission,  and  minimize  the  demand  on  his  time 
and  attention. 

3.  NUCLEAR,  BIOLOGICAL,  AND  CHEMICAL  (NBC)  DEFENSE. 

Army  aviation  can  expect  to  encounter  NBC  threat  weapons  during  future 
conflicts.  The  Soviet  Union  and  Soviet-backed  forces  have  the  capability  of 
employing  a  vast  array  of  such  weapons  and  the  capability  tc  protect  their  own 
troops  during  such  an  attack.  The  LHX  must  incorporate  design  features  that 
can  successfully  counter  that  threat.  Analyses  of  NBC  defensive  measures  have 
highlighted  three  basic  approaches  that  can  be  used  to  protect  the  aircrew 
from  the  threat:  contamination  avoidance,  collective  protection,  and  indivi¬ 
dual  protection. 
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The  most  effective  means  to  prevent  casualties  and  protect  the  aircraft 
from  the  NBC  threat  is  perhaps  avoiding  the  threat  completely.  Although  con¬ 
tamination  avoidance  may  not  be  used  in  alt  cases,  it  is  an  available  tactical 
measure  for  the  commander  in  the  field  when  the  situation  permits.  The  option 
of  contamination  avoidance  will  only  be  successful  if  aviation  units  are 
provided  a  reliable  means  to  determine  if  an  attack  is  imminent  or  has 
occurred.  The  ideal  situation  would  be  the  identification  of  contaminated 
areas  at  some  standoff  distance  from  the  aircraft.  Remote  standoff  detection 
devices  are  required  for  the  LUX  to  fully  exercise  the  option  of  contamination 
avoidance.  Detectors  in  the  inventory  are  of  the  point  sampling  type  normaily 
used  on  the  ground.  As  such,  they  must  be  placed  in  the  contaminated  area  to 
detect  the  contamination.  Preliminary  flight  testing  has  indicated  that  it  is 
possible  to  modify  some  of  those  systems  cor  flight  use.  Standoff  detectors, 
on  the  other  hand,  are  in  the  early  development  phase.  If  a  standoff  detec¬ 
tion  capability  is  to  be  achievable  for  the  initial  fielding  of  the  LHX,  those 
programs  need  to  be  given  a  priority  equal  to  the  LHX  program.  Contamination 
avoidance  is  a  tactical  measure  that  can  be  advantageously  used  when  the  com¬ 
bat  situation  permits  but  it  does  not  provide  a  complete  solution  to  the  NBC 
thraa  t . 

Collective  protection  provided  to  the  aircrew  by  way  of  an  LHX  that  is 
completely  sealed  and  pressurized,  to  prevent  contaminated  agents  from 
entering  the  aircraft,  would  also  provide  a  considerable  tactical  advantage. 
Collective  protection  would  allow  personnel  to  operate  in  normal  flight 
clothing,  thereby,  overcoming  the  performance  decrements  imposed  by  protective 
cLothing.  In  addition,  collective  protection  would  also  protect  the  aircraft 
avionics,  aircraft  materials,  and  other  equipment  or  systems  inside  the 
aircraft  from  destructive  agents.  The  need  for  decontamination  of  the 
interior  of  the  aircraft  would  also  be  reduced.  Collective  protection, 
however,  cannot  assure  total  survival  of  the  LHX  on  the  battlefield.  FulL 
protection  could  be  lost  in  the  event  of  damage  by  enemy  fire  that  breaks  the 
integrity  of  the  sealed  aircraft,  or  when  it  is  necessary  for  the  aircrew  or 
passengers  to  enter  or  exit  the  aircraft  in  a  contaminated  area.  Collective 
protection  aione  is  not  the  solution. 

Current  protective  clothing  that  encapsulates  the  individual  in  an  NBC 
protective  suit  and  mask  provides  a  life-raving  capability,  while  allowing  the 
individual  to  continue  to  operate  on  the  battlefield  but  at  a  considerably 
reduced  level  of  effectiveness.  The  protective  clothing  and  masks  introduce 
problems  associated  with  degraded  crew  performance  like  heat  stress  in  hot 
climates,  restricted  aviator  movements,  a  lack  of  mutual  dexterity  and  sen¬ 
sitivity  of  touch,  a  restricted  FCV,  reduced  visual  capaol li ties ,  increased 
aviator  workload,  and  fatigue.  AiL  these  factors  combine  to  create  a  large 
decrement  in  crew  performance.  Individual  protection  much  like  collective 
protection  and  contamination  avoidance  allows  the  aircrew  to  continue  the 
battle  but  by  itself  is  not  the  optimal  way  to  meet  the  NBC  threat. 

The  most  viabLe  soLution  for  the  LHX  appears  to  be  a  hybrid  collective 
protection  system  that  maximizes  the  advantages  of  all  three  approaches: 
contamination  avoidance,  collective  protection,  ami  individual  protection. 

Nuch  a  system  could  allow  the  aircrew  to  operate  in  a  pressurized  aircraft, 
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partially  clothed  in  NBC  gear  under  normal  or  routine  conditions.  The  con¬ 
taminated  area  could  be  avoided  when  onboard  detectors  warn  of  its  existence 
ahead  of  time  and  the  battle  conditions  allow  the  commander  to  exercise  thi3 
option.  When  approaching  a  known  contaminated  area  or  when  the  aircraft 
detectors  indicate  the  aircraft  is  in  a  contaminated  area,  the  full  NBC  pro¬ 
tective  measures  could  be  taken.  This  approach  would  allow  for  maximum  crew 
effectiveness  to  be  obtained  when  net  in  a  contaminated  area,  a3  well  as 
assure  protection  to  the  aircrew  when  in  a  contaminated  area.  The  technology 
to  do  this  appears  to  be  available  well  within  the  LHX  development  time  frame. 

To  take  full  advantage  of  this  concept,  NBC  agent  detectors  should  be 
located  both  inside  and  outside  the  aircraft.  The  aircrew  would  then  be  able 
to  determine  when  they  are  in  a  contaminated  area  and  whether  the  contamina¬ 
tion  has  penetrated  the  crewstation.  A  remote  standoff  detection  capability 
should  be  added,  when  available,  to  avoid  the  contamination  completely.  A 
sufficient  cooling  capability  must  also  be  incorporated  into  the  crewstation 
to  prevent  aviator  heat  stress  in  hot  environments.  The  use  of  aircraft 
environmental  control  systems  in  conjunction  with  microclimate  cooling  vests 
worn  by  the  aviator  appears  to  meet  this  need. 

In  addition  to  the  hybrid  system  and  cooling  provisions,  the  crewstation 
configuration  and  the  design  of  the  controls  and  displays  should  provide  ade¬ 
quate  room  and  space  for  the  aviators  to  operate  the  LHX  when  fully  dressed 
in  NBC  clothing  and  other  life  support  equipment. 

4.  FLIGHT  CONTROL. 

The  helicopter  is  basically  an  unstable,  vibrating  platform  suspended  in 
space  by  a  spinning  rotor  blade.  The  task  of  the  aviators  when  flying  such  a 
system  is  twofold.  First,  the  aviators  must  fly  the  aircraft  from  one  loca¬ 
tion  to  another  and  secondly,  they  must  maneuver  the  helicoptsr  into  a  posi¬ 
tion  so  that  they  can  effectively  complete  their  combat  mission  and  defeat  the 
enemy.  To  accomplish  that  task,  the  helicopter  itself  must  be  extremely  agile 
and  maneuverable.  The  flight  controls  of  current  Array  helicopters  consist  of 
three  separate  control  levers  that  control  mechanical  systems  with  hydraulic 
boost.  Two  of  the  control  levers  require  manipulation  by  the  aviator's  hands 
while  the  third  is  moved  by  the  aviator’s  feet.  A  review  of  the  evaluations 
concerning  manual  control  and  workload  suggests  that  even  under  the  most 
favorable  conditions,  a  large  percentage  of  the  pilot's  attention  is  required 
for  manual  control  of  the  helicopter.  That  effort  is  particularly  demanding 
during  mission  conditions  involving  poor  visibility,  variable  winds,  and 
terrain  flight  where  the  aircrew  is  continuously  maneuvering  around  trees  and 
obstacles.  At  a  minimum,  the  LHX  should  provide  some  level  of  automatic 
control  and  stability  augmentation  to  assist  the  aviator  and  reduce  the  amount 
of  attention,  control  movement  requirements,  and  workload  imposed  on  the 
aircrew.  The  less  attention  the  pilot  must  devote  to  the  task  of  controlling 
the  aircraft,  the  more  time  he  will  have  to  perform  other  operational  func¬ 
tions,  thus  enhancing  the  probability  of  mission  accomplishment.  This  is  spe¬ 
cifically  important  during  terrain  flight  where  the  fatigue  factor  is  1.3 
times  higher  than  during  normal  flight. 
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Another  aspect  of  crew  workload  associated  with  flight  controls  is  the 
physical  interface  between  those  controls  and  the  human  operator.  Aviators  in 
today's  Amy  come  in  all  sizes  and  shapes.  It  is  difficult  to  design  a 
crewstation  that  will  properly  accommodate  all  of  these.  If  the  crewstation 
is  not  optimally  designed,  the  adverse  effects  on  the  human  will  degrade 
operator  performance.  Investigations  directed  toward  the  evaluation  of 
aircrew  anthropometeric  dimensions  and  crewstation  configurations  have  pointed 
out  that  in  current  helicopters  the  crewstation  internal  space  in  combination 
with  the  fixed  cyclic  control  position  does  have  an  adverse  effect  on  the 
aviator.  To  reach  the  cyclic  control  grip,  while  simultaneously  resting  their 
arm  on  their  leg,  a  number  of  aviators  are  required  to  assurao  an  exaggerated 
forward  "slouched"  position.  That  position  places  a  curvature  In  the  human 
spine  that  is  susceptible  to  vibrational  stress  and  fatigue  during  normal 
flight  resulting  in  back  problems  for  the  aviator.  The  "slouched"  position 
also  increases  the  probability  of  back  injury  during  a  crash.  In  addition, 
the  forward  "slouch"  position  tends  to  restrict  the  aviator's  forward  vision 
outside  the  aircraft  and  shift  his  eye  position  away  from  the  optimal  design 
eye  position  used  for  reference  when  determining  the  placement  of  controls  and 
displays  In  the  crewstation. 

Aircrew  protective  gear  and  life  support  equipment  also  creates  an  inter¬ 
face  problem  with  current  aircraft  controls.  Larger  aviators,  wearing  full 
NBC  gear  and  body  armor  often  restrict  the  full  movement  of  aircraft  controls. 
The  situation  can  be  partially  relieved  through  a  better  seat  and  aircraft 
control  position  relationship.  Improved  adjustments  on  both  the  seat  and  the 
control  levers  in  both  the  horizontal  and  vertical  planes  would  be  one  way  to 
reduce  the  need  for  the  aviators  to  "slouch"  when  flying. 

A  second  solution  would  be  to  remove  the  position  constraints  imposed  on 
the  aviator  with  current  type  aircraft  controls  (cyclic,  collective,  pedals) 
by  replacing  them  with  a  single  "side-arm  controller"  that  could  be  operated 
with  one  hand.  One  such  system,  the  advanced  digital/optical  control  system 
(ADOCS),  Is  undergoing  development.  From  a  human  factors  perspective,  the 
"side-arm  controller"  has  a  number  of  advantages.  First  of  all,  the  aviators 
should  no  longer  need  to  "slouch"  forward  in  the  crew  seat  to  reach  the  flight 
controls.  Secondly,  the  aircrew  should  be  afforded  more  freedom  to  position 
their  bodies  in  a  more  comfortable  position  in  the  aircraft.  Thirdly,  the 
relocation  of  the  cyclic  control  function  from  In  front  of  the  aviator  would 
remove  one  of  the  visual  restrictions  between  the  aviator  and  hi3  instrument 
panel.  The  relocation  of  the  collective  control  head  would  also  remove  the 
visual  restriction  between  the  pilot  and  the  avionics  control  panels  In  the 
center  console.  The  Increased  unrestricted  FOV  iot  only  enhances  the 
aircrew's  capabilities  but  allows  the  crewstation  designer  more  freedom  in 
which  to  place  displays  in  the  crewstation. 

From  a  handling  qualities  point  of  view,  the  use  of  fly-by-light  and 
likewise  fly-by-wtre  concepts  should  afford  more  flexibility  to  design  the 
aircraft  control  system  In  such  a  manner  that  aviator  workload  and  attention 
devoted  to  the  flying  task  is  reduced.  With  3uch  a  system,  control  gains  and 
transfer  functions  could  be  tailored  to  provide  the  best  controllability  for 
various  maneuvers.  Such  tailoring  could  be  selected  by  the  pilot  or  perhaps 
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automatically  by  sensing  appropriate  aircraft  state  variables  or  operator 
Inputs.  It  would  also  provide  an  avenue  whereby  Information  from  other 
aircraft  system  sensors  could  be  inserted  into  the  control  loop  for  increased 
automation  of  the  f Light  control  function. 

Flight  control  and  maneuvering  of  the  aircraft  is  an  attention-consuming 
task  for  the  pilot  during  flight  when  well  above  the  terrain.  Terrain  flight, 
down  among  the  trees  and  obstacles  is  much  more  demanding.  Based  on  studies 
of  current  helicopters,  the  pilot  of  a  two-crew  aircraft  must  devote  most  of 
his  attention  to  the  fLignt  control  tasks,  leaving  other  tasks  like  navigation 
and  communications  to  the  copilot. 

With  expanded  missions  and  advanced  capabilities  expected  in  the  LUX,  it 
would  be  advantageous  to  the  overall  success  of  the  mission  if  the  pilot  of 
the  aircraft  could  spend  less  attention  on  the  flight  control  task  and  more 
attention  on  other  combat  functions.  Fron  the  human  factors  point  of  view,  it 
appears  to  be  a  minimum  requirement,  when  considering  a  single-crew  LHX,  From 
the  limited  testing  conducted  so  far,  the  evidence  indicates  the  f  ly-hy- l.  Iguc 
•i '/or  tiie  fly-by-wire  concept  of  flight  controL  has  the  potential  to  relieve 
the  piLot  from  some  of  the  flight  control  effort.  That  potential,  for 
Improved  handling  qualities,  .  utomatic  stabilization,  and  flight  of  the 
aircraft,  should  be  pursued.  The  use  of  a  side-ana  controller  to  replace  the 
three  separate  controls  now  found  in  helicopters  also  has  some  advantages  with 
respect  to  the  reduction  of  stress  and  fatigue  caused  by  the  aviator's 
"slouched"  position,  the  removal  of  visual  restrictions  between  the  aviator 
and  the  controls  and  displays,  and  the  Increased  flexibility  afforded  the 
crewstation  designer  regarding  the  placement  of  displays.  In  addition,  the 
integration  of  the  control  functions  into  less  than  three  separate  controllers 
should  relieve  the  pilot  from  having  both  hands  and  feet  simultaneously 
occupied  in  flying  the  aircraft.  The  question  concerning  how  many  of  the 
three  control  functions  should  be  placed  on  a  single  side-arm  controller 
remains  unanswered.  Although  the  aviator's  physical  workload  may  be  less 
under  the  side-arm  centroLLer  concept,  the  cognitive  and  mental  workload  iss.-- 
cIj1.  *•'  itu  thut  tisk  may  very  well  be  increased.  Additional  investigation 
through  simulation  uni  flight  testing  are  needed  to  address  that  concern. 

5.  SYSTEM  STATUS  MONITOR  I N(I . 

The  monitoring  of  the  health  and  status  of  various  aircraft  systems 
(engine,  transmission,  electrical  system,  hydraulics,  fuel  flow)  are  con¬ 
sidered  to  be  an  essential  task  to  assure  safe  flight.  In  today's  aircraft 
that  information  is  displayed  in  the  crewstation,  on  the  instrument  panel  and 
center  consoLe,  through  the  use  of  as  runny  as  !'♦  round  dials  and  gauges,  for 
pin  a 1 1 ta ti ve  Information,  supplemented  by  over  20  discrete  lights  and  audio 
tones. 

Quantitative  information  is  displayed  when  the  conditions  involved  are 
dynamic  and  require  continuous  .umi  coring.  Examples  of  this  type  of  infor¬ 
mation  would  Include  the  amount  of  fuel  left  in  the  aircraft  fuel  tanks, 

»ngli.»  p  >r  temperatures,  1 1  i  electrical  system  voltage  levels. 
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Continuously  displayed  quantitative  data  provide  the  aviator  with  trend  infor¬ 
mation  concerning  the  parameters  monitored.  Trend  information  is  important  to 
the  aircrew  because  it  permits  them  to  assess  the  overall  system  status, 

ii  p  ■  tg  idverse  conditions,  evaluate  how  rapidly  tne  adverse  con¬ 
dition  is  progressing,  and  take  action  to  stop  or  reverse  the  trend. 

Discrete  information  displays  are  the  type  that  provide  binary  information 
that  indicate  if  the  state  of  the  system  monitored  is  either  good  or  bad.  The 
master  caution  light  is  a  good  example  of  that  type  of  display.  When  the 
light  is  not  on,  it  indicates  the  systems  monitored  are  operating  within  a 
"safe"  condition.  When  the  light  is  on,  it  indicates  a  problem  that  requires 
the  aviator's  attention.  It  does  not  provide  quantitative  or  trend 
Inf ormatlon. 

Both  the  quantitative  and  discrete  displays  convey  needed  information  but 
there  Is  some  concern  as  to  how  well  that  information  is  detected  and  used  by 
the  aircrew.  Several  studies  have  shown  that  during  terrain  flight,  the 
attention  of  each  member  of  a  two-man  aircrew  is  virtually  consumed  by  the 
tasks  of  flight  control,  terrain  and  obstacle  avoidance,  and  navigation.  Less 
than  10  percent  of  their  time  was  devoted  to  monitoring  other  flight  instru¬ 
ments,  communications  controls,  and  system  status  displays.  Add  to  this  the 
task  of  observing  enemy  movements,  target  detection,  and  combat  communica¬ 
tions,  the  time  available  for  monitoring  system  status  displays  will  be 
further  decreased.  Flying  at  night  will  also  compound  the  problem.  During 
the  heat  of  battle,  the  aircrew  cannot  afford  the  time  required  to  monitor  the 
aircraft  system  status,  but  on  the  other  hand,  if  that  task  is  not 
accomplished,  it  could  lead  to  disastrous  results. 

The  timely  acquisition  of  both  quanitative  and  discrete  system  status 
information  and  the  decisions  based  on  that  information  i3  important  to  the 
LHX  survivability.  How  well  that  is  accomplished  i3  dependent  on  the  infor¬ 
mation  being  available  and  the  aircrew  having  sufficient  time  to  monitor  the 
dispLays  to  obtain  the  information  quickly.  Thl3  presents  a  considerable 
challenge  In  a  two-crew  aircraft,  where  one  crewmember  may  be  able  to  devote 
some  of  his  time  to  monitoring  the  system  status.  In  a  single-crew  LHX,  the 
need  to  relieve  the  aviator  of  this  task  is  more  critical. 

The  data  related  to  the  status  or  condition  of  aircraft  subsystems  are 
demand- type  information.  Aviators  require  that  type  of  information  to  assure 
them  that  the  aircraft  systems  are  operating  properly  and  to  warn  of  a 
possible  Impending  failure.  Under  normal  operating  conditions,  some  status 
information  is  not  necessarily  needed  except  to  build  the  aviator's  con¬ 
fidence.  The  demand  for  system  status  information  becomes  critical  when  the 
systems  being  monitored  are  not  operating  well  and  could  result  In  degrading 
of  the  mission  cr  losing  the  aircraft. 

Considering  the  limited  time  available  for  system  status  monitoring  and 
the  type  i.  truments  used  in  most  fielded  aircraft,  it  is  very  probable  that 
the  aircrew  may  not  detect  a  rapidly  developing  out-of- tolerance  condition 
when  flying  nap-of- the-earth  (NOE).  First  of  all,  NOE  flying  requires  that 
most  of  the  crews'  attention  be  focused  outside  the  cockpit.  Secondly,  humans 
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by  nature,  are  not  good  monitors  of  relatively  slow-changing  displayed  infor¬ 
mation.  Avlitor's  tend  to  rapidly  scan  such  displays  but  do  not  always  obtain 
the  necessary  information  from  them.  luring  a  1-day  tvlitor  fatigue  study  .  u 
a  Ull-1  simulator,  It  took  the  'light  <■  •w  f  c  »m  a  few  seconds  to  20  minutes  r.o 
notice  the  engine  oil  temperature  had  reached  a  point  well  above  the  red  ll  , 
Another  aspect  of  the  probLen  with  system-monitoring  dispLayc  i3  the  Large 
,i mount  of  panel  space  required  for  tho  .e  devices.  The  system-monitoring 
displays  occupy  a  disproportionate  amount  of  panel  space  compared  to  the 
amount  of  time  the  pilot  views  these  displays. 

The.  ideal  aircraft  system  status  monitoring  system  should  be  one  that  is 
capabLe  of  sensing  a  changing  trend  in  system  status,  determining  if  that 
trend  i3  within  or  approaching  toLerance  limits,  and  then  warning  the  crew¬ 
members  when  the  system  status  is  approaching  an  adverse  condition  that 
requires  their  attention.  The  aircrew  can  then  assess  the  problem  and  imple¬ 
ment  corrective  procedures  when  needed.  From  a  human  factors  engineering 
perspective,  system  status  monitoring  Is  a  prime  candidate  for  automation. 
Monitoring  is  i  task  that  humans  do  net  do  well,  while  computers  can  perform 
that  task  extremely  well. 

Thu  .'.our.up  c  •'  o  i  status  management  by  exception  is  quite  appropriate 
for  tile  l, MX.  \  computerized  monitoring  system  could  maintain  constant  vigi¬ 
lance,  perform  trend  analysis,  dl ignose  abnormalities,  and  provide  the  i /La  tor 
with  the  Information  ne  requires  or  desires.  If  the  systems  are  functioning 
within  tolerance  limits,  the  alrcru<  need  not  be  provided  any  information 
unless  they  specifically  ask  for  it.  When  a  condition  demanding  the  aviator's 
attention  arises,  critical  information  the  aircrew  needs  for  that  particular 
situation  could  be  provided  on  the  crewstation  displays. 

A  concern  from  the  human  factors  engineering  standpoint  is  the  implemen¬ 
tation  of  the  concept.  In  oiler  foe  tne  management  by  exception  system  status 
monitoring  system  to  he  success  i  u on  the  battlefield,  moon  attention  must  be 
devoted  to  determining  what  needs  to  he  monitored,  the  tolerance  limits  of  the. 
various  systems  to  be  monitored,  the  level  or  depth  to  which  the  computer 
should  diagnose  the  data  received,  and  when  and  how  to  display  the  informatioi 
to  the  aircrew.  The  recommendation  for  the  UIX  is  to  1  o-orporate  the  manage¬ 
ment  by  exception  systems  status  monitoring  concept  into  that  aircraft.  Prior 
co  Incorporating  such  a  system,  specific  tests  and  evaluations  should  be  con¬ 
ducted  to  answer  the  concerns  above  md  to  assure  the  concept  wiii,  in  fact, 
reduce  crewstation  workload. 


6  .  OOMMIJM  ICA  1‘  ION  , 

Effective  and  accurate  communications  are  also  critical  to  the  successful 
completion  of  LdX  combat  missions.  This  is  especially  ten  for 

i’./  <  •  ■  k  (SCAT)  version.  The  LHX  crew  must  be  able  to  effectively  com¬ 
municate  with  a  large  number  of  friendly  forces.  The  Army  il  '..incept  dictates 
a  greater  need  for  Improved  communications  with  an  increasing  lumber  of  other 
members  of  the  combined  arms  team  than  did  past  conflicts.  To  meet  this  iuvd, 
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additional  radios  have  been  placed  in  aircraft  crews ta tions .  Each  new  addi¬ 
tion  Increases  the  crews tation  workload  by  increasing  the  number  of  controls 
and  displays  the  aircrew  must  operate  and  monitor. 

The  Impact  that  the  addition  of  Individually  dedicated  radio  control 
display  heads  has  on  the  aircraft  cockpit  is  best  described  by  the  results  of 
the  "Advanced  Scout  Helicopter  Man-Machine  Interface  (MMI)  Investigation." 
That  evalmtloii  consist-'1,  of  a  review  of  the  literature  supplemented  by 
studies  conducted  in  a  crewstation  mockup  U3ing  standard  communications 
systems.  The  results  of  that  evaluation  suggest  that  56  percent  of  the 
aircrew  mission  time  Involves  some  type  of  communications  distributed  across  a 
variety  of  radios.  If  the  LHX  aviators  are  to  be  effective  on  the  modem 
battlefield,  the  overall  time  devoted  to  communications  needs  to  be  reduced. 

One  method  of  reducing  the  workload  associated  with  the  communications 
task  is  to  integrate  che  various  radio  controls  into  one  panel.  Such  an 
Integrated  avionics  control  system  (IACS)  was  develop  id  through  the  Army 
Avionics  Research  and  Development  Activity.  A  similar  system  is  utilized  in 
the  DH-58D  heLicopter,  In  these  systems,  the  aviator  uses  an  alphanumeric 
data  entry  keyboard  along  with  various  switches  to  select  a  number  of  radio 
functions  displayed  on  an  electronic  display.  These  include  selection  of  the 
type  or  radio  aid  the  specific  frequency  desired.  In  addition,  the  system  can 
be  used  to  control  aircraft  navigation  equipment. 

Evaluations  of  the  IACS  indicate  that  the  time  required  to  access  a  speci¬ 
fic  radio  frequency  (RF)  when  using  preset  frequencies  was  13  percent  less 
than  Ith  standard  control  heads.  When  used  in  the  manual  mode,  the  IACS  was 
no  mo'e  advantageous  with  respect  to  crew  workload  than  the  conventional 
method.  The  integrated  system  does,  however,  provide  a  definite  reduction  in 
the  crewstation  space  occupied  by  radio  control  heads  and  concentrates  the 
display  Information  in  a  central  location. 

The  evaluations  conducted  so  far  with  the  OH-58D  indicate  the  control  of 
the  communications  system  through  a  multifunction  keyboard  is  advantageous  but 
that  approach  will  r  -  q  s  •_  ve  additional  improvements  if  it  is  to  be  a  viable 
option  for  the  LHX  single-crew  aircraft.  For  example,  the  system  requires 
considerable  time  to  manually  load  initial  data  Into  the  system  during 
preflight.  During  flight,  the  communication  task  requires  progressing  through 
a  number  of  computer  displayed  pages  to  communicate  and  send  target  informa¬ 
tion  to  other  aircraft  and  the  ground.  In  a  two-man  aircraft,  the  second 
crewmember  can  help  with  this  task  but  in  a  single-crew  LHX,  a  less  workload 
intensive  system  will  be  a  necessity. 

Another  important  factor  related  to  the  efficiency  of  communicating 
between  aircraft  and  with  ground  forces  is  the  communications  electronics 
operation  instructions  (CEDI).  Tne  CEOI  are  classified  documents  that  provide 
the  aircrew  with  a  complete  Listing  of  frequencies,  call  signs,  and  other  cri¬ 
tical  communications  data  concerning  friendly  forces  within  their  operational 
area.  The  CEOI  are  updated  every  24  hours  with  more  frequent  changes  if  the 
system  is  suspected  of  being  compromised  by  enemy  action.  The  CEOI  are  rather 
large  and  bulky  documents.  Aviators  must  tnumb  through  many  pages  of  the 
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document  to  find  the  specific  frequency  and  call  signs  assigned  to  the  unit 
they  wish  to  contact.  The  use  of  CEOI  can  consume  as  much  of  the  communica¬ 
tions  task  time  as  the  tuning  of  the  radios.  One  method  of  reducing  the 
workload  associated  with  CEOI,  as  well  as  the  entry  of  other  communications 
and  navigation  information  into  the  LHX,  during  preflight,  would  be  the  pro¬ 
vision  of  a  bulk-loading  device  similar  to  an  audio  tape  or  disk  that  could 
transfer  pretaped  data  into  the  LHX  system  computers  within  a  few  minutes. 

Still  another  communications  human  factors  area  that  must  be  considered 
for  the  LHX  is  speech  intelligibility.  Some  of  the  information  communicated 
by  voice  in  today's  aircraft  is  lost  in  the  noise  levels  found  within  the  com¬ 
munications  equipment  itself.  Failure  to  transmit  or  the  need  to  repeat 
information  that  one  is  trying  to  communicate  easily  results  in  a  loss  of 
information  or  delays  that  could  have  an  adverse  impact  on  the  battle. 

The  LHX  <'ommunications  systems  must  provide  a  less  noisy  environment  and 
greater  speech  intelligibility  in  the  overall  communications  system.  The 
technologies  available  for  incorporation  into  the  LHX  appear  to  be  capable  of 
accomplishing  that  goal.  The  use  of  improved  sound  canceling  microhones,  more 
acoustially-eff icient  earcups ,  and  control  system  noise  suppression  techniques 
would  do  much  to  improve  the  situation. 

Another  aspect  of  communications  workload  that  requires  attention  is  the 
transfer  of  targeting  information  to  other  aircraft  or  ground  forces.  In  the 
current  aircraft,  most  of  the  information  is  transferred  by  voice  communica¬ 
tions.  The  copilot  or  observer  often  handles  that  task.  The  results  obtained 
so  far  through  operational  and  developmental  testing  indicate  that  the  air¬ 
borne  target  handoff  system  (ATHS)  has  the  capability  to  transmit  a  large 
volume  of  data  in  a  short  period  of  time,  but  one  member  of  the  dual-crew 
aircraft  must  devote  considerable  time  to  enter  information  into  the  system. 
The  ATHS  needs  to  become  more  automatic  if  used  in  the  single-crew  LHX. 

From  a  human  factors  viewpoint,  the  crew  workload  and  information  transfer 
accuracy  of  communications  sytems  for  the  LHX  must  be  improved  considerably 
over  current  systems.  The  LHX  should  use  an  integrated  communications  control 
system  in  which  all  radios  and  navigation  systems  can  be  controlled  from  a 
single  device.  The  task  of  entering  data  into  the  aircraft  computer  system, 
including  a  full  CEOI  should  be  automated  in  a  user  friendly  way.  The 
integrated  communications  display/controls  must  be  designed  to  unburden  the 
crew  from  the  need  to  process  through  a  large  number  of  computer  pages  when 
desiring  to  transmit  information.  The  noise  levels  in  the  system  must  be 
reduced  and  speech  intelligibility  increased  to  allow  for  a  high  probability 
that  a  message  can  be  transmitted  accurately  the  first  time  it  is  attempted. 
Automatic  target  handoff  capabilities  should  be  provided  in  which  the  infor¬ 
mation  is  gathered  and  transmitted  with  little  crew  interaction. 

7.  SURVIVABILITY. 

Aircraft  survivability  equipment  (ASE)  will  be  an  important  factor  in  the 
success  of  the  LHX.  The  threat  possesses  a  formidable  array  of  ground  and 
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airborne  systems  that  can  be  used  against  Army  aircraft,  including  the  indivi¬ 
dual  soldier's  hand-held  weapons,  radar  and  optical  guided  missiles,  heat¬ 
seeking  sensors,  electronic  countermeasures  (ECM)  and  attack  helicopters,  and 
fixed  wing  aircraft.  The  primary  defense  against  many  of  those  weapons  will 
be  threat  avoidance.  When  complete  avoidance  is  not  possible  and  the  LHX  is 
detected,  the  next  defense  is  to  prevent  the  threat  weapon  from  reaching  the 
aircraft  by  using  evasive  maneuvers  or  countermeasures.  The  defensive  tech¬ 
niques  and  methods  for  survivability  are  as  varied  and  as  numerous  as  the 
threat  they  are  expected  to  encounter.  Countermeasut e  aids  fall  into  two 
major  categories:  detection  and  jamming/decoys.  A  capability  should  be 
available  in  the  LHX  time  frame  for  detecting  threat  systems  expected  to  be 
encountered  on  the  battlefield  of  the  future.  Jammers  should,  likewise,  be 
available  for  radar,  lasers,  and  IR  systems.  Flares  and  decoys  are  also 
expected  to  be  part  of  the  LHX  defensive  system. 

The  detailed  capabilities  of  each  of  those  systems  is  covered  elsewhere  in 
the  TOA.  The  concerns  from  the  human  factors  standpoint  are  the  ability  of 
the  aircrew  to  react  to  these  devices  and  take  the  appropriate  corrective 
action  to  avoid  becoming  a  casualty. 

The  first  area  to  consider  is  complete  avoidance  of  the  threat.  To 
accomplish  this,  the  aircrew  requires  information  concerning  the  threat  type 
and  location.  Some  of  the  information  will  hopefully  be  provided  to  the 
aircrew  before  starting  the  mission.  Provisions  for  entering  known  threats 
into  the  LHX  computer  memory  and  the  display  of  those  threats  on  a  situation 
awareness  display,  along  with  geographic  location  information  must  be 
available  to  the  aircrew.  The  aircrew  can  then  plan  their  flight  course 
around  those  threats.  Provisions  should  also  be  made  to  update  that  infor¬ 
mation  during  flight  through  information  automatically  provided  from  other 
aircraft  or  ground  systems,  the  onboard  sensors,  and  manually  by  the  aircrew. 
ASE  detectors  and  countermeasures  must  be  kept  to  a  minimum.  For  the  LHX  to 
react  rapidly  to  the  threat,  the  automation  of  some  countermeasures  should  be 
considered.  The  pilot  should,  however,  have  an  override  capability  that 
allows  him  to  control  the  ASE  when  automatic  activation  may  be  a  disadvantage. 
For  example,  the  LHX  will  only  be  able  to  carry  a  limited  quantity  of  chaff 
and  decoys.  To  conserve  these  resources,  the  crew  should  decide  when  and 
where  to  use  them.  A  fully  automatic  system  may  dispense  them  too  rapidly  and 
at  a  less  than  optimal  time. 

The  LHX  will  operate  in  a  highly  lethal  environment  of  combined  air  and 
ground  threats.  The  aircrew  must,  therefore,  be  provided  with  effective 
threat  detection  and  countermeasures  so  the  LHX  cannot  only  survive  on  the 
battlefield,  but  stay  and  fight.  These  systems  should  provide  a  capability  to 
detect  and  counter  threats  located  completely  around  the  aircraft,  as  well  as 
below  and  above  it.  Current  ASE  does  not  always  provide  that  full  capability. 
For  example,  an  air  threat  behind  the  LHX,  when  not  radiating  a  detectable 
signal,  may  not  be  detected  by  the  aircrew  engaged  in  battle.  ASE  signifi¬ 
cantly  enhances  the  chances  for  both  the  aircraft  and  crew  survivability  and 
mission  success. 
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ASF  hardware  and  software  developments  appear  to  have  kept  pace  with  most 
of  the  threat  but  through  dedicated  individual  systems.  The  integration  of 
the  ASE  for  simplistic  presentation  to  the  aircrew,  in  a  prioritized  format, 
is  essential  for  a  single-crew  aircraft.  It  is  recommended  that  an  analysis 
be  conducted  to  determine  the  degree  of  integration  necessary  and  to  determine 
the  most  effective  method  for  information  presentation,  hot;  it  should  be 
displayed  and  when  it  should  be  displayed.  In  addition,  ASE  countermeasures 
should  be  considered  for  automation. 

8.  TARGET  ACQUISITION/DESIGNATION. 

One  of  the  most  important  combat  functions  of  the  SCAT  version  of  the 
light  helicopter  fleet  is  target  acquisition  and  engagement.  A  high  level  of 
automation  must  be  incorporated  into  the  LHX  to  allow  the  SCAT  to  accomplish 
that  function.  Advanced  technology  must  be  fully  integrated  into  the  crew- 
station  to  maintain  the  crew  workload  at  a  manageable  level  that  will  permit 
mission  success.  The  current  capabilities  of  target  acquisition  and  engage¬ 
ment  systems  in  Army  aircraft  are  reflected  in  the  AH-1  Cobra  and  AH-64  Apache 
attack  helicopters.  Those  systems  were  designed  to  oerform  the  target 
acquisition  and  engagement  function  in  the  air-to-grouna  role.  During  the 
attack  mission,  the  pilot  of  those  two-crew  aircraft  flies  the  aircraft  and 
maneuvers  it  into  the  proper  position  to  engage  the  enemy.  The  targeting 
function  is  assigned  to  the  ccpilot/gunner  who  is  totally  occupied  with  the 
target  acquisition  and  engagement  task.  The  workload  of  both  crewmembers 
during  the  attack  mission  is  relatively  high.  The  single-crew  LHX  will  only 
become  a  reality  if  major  technology  advances  are  available  to  reduce  the 
workload  level  of  the  two  crewmembers  down  to  a  level  that  can  be  handled  by 
one . 


The  sensors  that  are  available  in  the  Apache  attack  helicopters  include 
direct  view  optics  (DVO),  day  television  systems  (DTV),  and  a  forward-looking 
infrared  system  (FLIR).  The  DVO  and  television  systems  are  used  mainly  during 
the  day.  The  FLIR  system  is  useful  during  periods  of  reduced  visibility  and 
at  night.  The  target  acquisition  and  designation  systems  in  the  Apache 
directly  places  the  sensor  data  and  aircraft  weapons  information  on  both  the 
pilot  and  copilot/gunners  display.  The  success  of  the  target  acquisition  and 
engagement  systems  on  current  attack  helicopters  is  therefore  fully  dependent 
on  the  combined  abilities  of  the  two-member  crew. 

The  candidate  sensors  for  the  LHX,  include  DVO,  video/television  sensors, 
IR  devices,  and  radar.  Much  like  the  Apache,  the  video/television  and  DVO  can 
be  used  during  daylight.  The  FLIR  and  radar  systems  can  be  used  during  the 
day  and  at  night.  One  of  the  major  factors  that  will  influence  the  overall 
success  of  the  LHX  target  acquisition  and  engagement  capability  will  be  the 
maturity  level  of  the  various  sensors  needed  to  acquire  and  provide  infor¬ 
mation  concerning  the  type  of  target  and  its  location  or.  the  battlefield. 

The  second  part  of  the  equation  involves  the  methods  and  systems  used  to 
pass  that  information  on  to  the  aircrew.  As  mentioned  earlier,  the  attack 
aircraft  in  the  field  today  require  a  crew  of  two  to  be  effective.  How  well 
the  LHX  target  acquisition  and  engagement  system  operates  is  dependent  on  the 
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consideration  given  to  human  factors  engineering  criteria  and  the  soldier- 
machine  interface.  To  reduce  aviator  workload  and  facilitate  the  target 
acquisition  and  engagement  task,  a  faster,  more  sophisticated  method  of  data 
processing  and  correlation  must  be  developed  for  the  LHX.  The  ideal  system 
would  be  one  that  fully  automates  the  target  detection,  acquisition,  tracking, 
identification,  and  engagement  tasks,  and  provides  a  capability  to  automati¬ 
cally  pass  target  information  to  other  members  of  the  combined  arms  team.  The 
level  at  which  these  functions  can  be  successfully  automated  will  signifi¬ 
cantly  impact  the  crew  size  of  the  LHX.  From  the  human  factors  viewpoint,  the 
automatic  processing  of  the  various  sensor  inputs  to  provide  a  composite 
display  which  only  contains  the  Information  necessary  for  target  engagement  or 
handoff  should  do  much  to  ease  the  crew  workload. 

Target  tracking  should  be  automated  to  assist  in  holding  the  target  within 
the  FOV  of  the  sensor  and  displays  and  reduce  pilot  workload  when  performing 
that  function.  The  systems  should  automatically  compute  target  location  and 
range  with  respect  to  the  aircraft  and  geographic  position.  That  information, 
along  with  target  identification  information,  should  be  automatically  trans¬ 
ferred  to  the  communications  system  and  transmitted  to  ether  friendly  forces. 
Expansion  of  the  sensor  visual  scene  through  a  number  of  FOV  selections  should 
be  provided  to  allow  the  aircrew  to  better  see  and  examine  specific  targets  or 
points  of  interest.  The  FOV  changes  associated  with  that  expansion  should  be 
as  gradual  as  possible  to  allow  the  operator  to  continuously  track  the  target. 

Recordings  of  the  information  obtained  through  the  sensors  would  provide  a 
capability  for  the  aircrew  to  only  expose  their  aircraft  for  a  short  period  of 
time,  obtain  a  picture  of  the  battlefield,  return  the  aircraft  to  a  safer 
position,  and  then  play  back  the  recording  obtained.  The  full  extent  of  this 
capability  has  not  yet  been  evaluated,  but  it  would  assist  in  increasing  the 
survivability  rate  of  the  LHX  by  permitting  a  more  detailed  examination  of 
potential  target  data  in  a  less  vulnerable  position.  The  recording  capability 
would  also  be  of  considerable  use  to  collect  information  during  reconnaissance 
misions  and  to  assess  battle  damage  after  an  attack. 

The  methods  for  displaying  the  target  visual  information  that  appear  to  be 
within  the  LHX  technology  time  frame  are  twofold:  a  panel-mounted  display 
(PMD)  and  a  helmet-mounted  display  (HMD).  The  PMD,  by  itself,  is  a  poor 
option  for  a  single-crew  LHX  ecause  it  requires  the  aviator  to  keep  his  head 
inside  the  crewstation.  The  HMD  system  will  be  a  necessity  for  the  single¬ 
crew  LHX  where  the  pilot  must  keep  his  eyes  outside  the  crewstation  as  much  as 
possible.  One  disadvantage  of  the  HMD  is  the  large  variety  of  information  the 
pilot  needs  to  have  on  that  display  to  fly  the  aircraft  and  to  perform  the 
targeting  function.  The  aircrew  could  be  easily  inundated  with  too  much 
information.  The  alternative  would  be  a  combination  of  PMDs  and  HMDs.  The 
PMD  in  the  crewstation  could  display  the  detailed  information  from  the 
targeting  system  sensors  individually  or  as  an  integrated  composite.  Portions 
of  that  information  could  be  extracted  and  placed  on  the  HMD  to  provide  the 
minimum  information  required  by  the  aircrew.  If  the  system  were  fully  auto¬ 
mated,  the  aircrew  would  need  only  enough  information  to  assure  the  process 
was  operating  correctly. 
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Human  factors  standards  and  handbooks  provide  considerable  data  concerning 
visual  limitations  and  criteria  with  respect  to  the  design  of  display  charac¬ 
teristics.  The  major  challenge  for  the  LHX  is  not  necessarily  in  that  area 
but  one  of  meaningful  integration  of  the  sensor  inputs  that  will  provide  the 
aircrew  the  information  needed  without  creating  a  workload  level  th..,  are 
unable  to  cope  with. 

Target  sensor  systems  will  also  be  required  to  automatically  scan  for  air¬ 
borne  targets,  as  well  as  ground  targets.  That  capability  should  include  a 
360°-target  search  completely  around  the  aircraft. 

The  target  acquisition  and  engagement  in  current  Army  attack  helicopters 
is  a  two-crewmember  task.  For  a  single-crewmember  LHX  to  effectively 
accomplish  that  mission,  a  major  leap  in  sensor  capabilicies  and  the  automa¬ 
tion  of  many  of  the  target  acquisition  and  engagements  must  be  accomplished. 
That  automation  should  cover  all  functions  from  initial  target  detection  until 
engagement  of  the  target.  In  addition  to  the  current  activities  associated 
with  air-to-ground  targeting  tasks,  the  LHX  crew  must  also  contend  with  air- 
to-air  target  acquisition  and  engagement  tasks.  Based  on  the  technology 
assessments  presented  so  far,  not  all  of  the  target  acquisition  and  engagement 
functions  can  be  automated,  in  particular  target  recognition.  The  aircrew 
will  be  expected  to  make  the  final  confirmation  that  the  target  is  the  enemy 
and  make  the  decision  to  engage  the  target.  From  the  human  factors  perspec¬ 
tive,  the  concept  of  multisensor  fusion  or  integration  and  the  display  of  the 
composite  results  have  not  yet  been  evaluated  in  sufficient  detail  to  allow  a 
valid  prediction  of  its  capabilities  or  limitations.  A  number  of  development 
efforts  are  underway  but  they  are  still  in  the  early  stages.  Further  efforts 
in  this  area  are  required  to  make  a  single-crew  LHX  a  reality. 

9.  AVIATION  LIFE  SUPPORT  EQUIPMENT. 

Aviation  life  support  equipment  (ALSE),  including  protective  gear,  also 
plays  an  important  role  in  aircrew  survival  in  combat.  In  addition  to  the  NBC 
protection  previously  discussed,  ALSE  includes: 

—  Protective  helmets 

—  Flight  suits 

—  Armor  panels  and  vest 

—  Aircraft  environmental  control  systems 

—  Oxygen  systems 

—  Laser  and  nuclear  eye  protection 
—  Cold  weather  clothing 
—  Survival  gear  and  radios 
—  Weapons. 
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The  protective  helmet  not  only  contains  the  system  by  which  the  aircraft 
can  communicate  within  and  outside  tin*  c.  r>*.j tn  tion  but  also  provides  head 
impact  protection  during  a  crash,  and  provides  environmental  noise  attenuation 
to  protect  the  aviators  ears.  Unless  the  LHX  is  radically  different  than  pre¬ 
vious  aircraft  designs,  similar  protection  will  still  be  necessary,  future 
helmets  should  also  include  Laser  and  nuclear  f lashb limbless  protection  unless 
that  protection  can  bn  built  into  the  aircraft  itself.  Add  to  this  the  wide 
FOV  HMDs  expected  in  the  LHX  and  the  helmet  system  becomes  more  complex.  The 
LHX  helmet  with  all  the  above  systems  and  NBC  protection  added  will  be  much 
'  '  different  than  present  helmets.  The  new  aircrew  integrated  helmet,  now  under 

development,  integrates  impact,  noise,  Laser,  NSC,  and  flashblindness  protec¬ 
tion  into  one  helmet  but  it  is  not  addressing  the  HMD  issue.  An  advanced  LHX 
helmet  development  program  needs  to  be  initiatied  to  address  tills  issue. 

Protective  armor  is  another  area  where  the  LHX  design  could  do  much  to 
alleviate  the  performance  degradations  associated  with  those  devices. 

Aviators  now  fly  with  armor  protective  seats  and  arm^r  **  r*- .  The  vests  are 
buLky,  heavy,  and  restrict  aircrew  movements.  The  LHX  should  consider  addi¬ 
tional  amor  protection  as  part  of  the  aircraft  so  that  the  amount  worn  by  the 
aircrew  could  be  reduced.  When  it  is  necessary  for  the  aircrew  to  wear  body 
armor,  the  LHX  crewstation  configuration  must  take  into  consideration  the 
restricted  movements  of  the  aviator  while  wearing  such  armor. 

The  environmental  control  systems,  heating,  and  cooling  ventilation  in 
today's  fleet  fail  far  short  of  providing  the  optimal  environment  for  the 
aircrew  to  operate  in.  The  net  result  is  increased  aviator  stress  and  fatigue 
that  degrades  mission  effectiveness  or  time.  Systems  have  been  and  are  under 
development  that  can  overcome  this  problem  if  applied  to  the  LHX  crewstation 
design. 

Oxygen  systems  are  required  for  the  LHX  to  allow  operations  at  altitudes 
above  10,000  feet  mean  sea  level,  such  as  that  found  in  mountainour  terrain. 
During  night  operations,  oxygen  has  also  been  found  to  greatly  increase  night 
vision  capabilities  at  a  few  thousand  feet  above  sea  level.  Due  to  the 
logistics  problems  associated  with  bottled  oxygen  systems,  It  is  recommended 
that  the  LHX  have  an  onboard  oxygen  system  designed  into  the  aircraft.  Such 
systems  that  are  presently  flying  in  Air  Force  and  Navy  high-performance 
aircraft  could  be  adapted  to  the  LHX  for  that  purpose. 

Improved  flight  suits,  cold  weather  clothing,  survival  gear,  and  survival 
•  radios  are  all  being  developed  under  Army  and  tri-Service  programs,  not 

directly  related  to  the  LHX.  Those  progra  should  mature  independently  of 
the  LHX.  The  LHX  crewstation  design  must,  ho  ;■*'■•«- r,  i  ike  into  :•>  is  I  ieration 
the  space  constrain  s  required  for  that  ALSE.  The  crewstation  controls  and 
displays  must,  for  example,  consider  operation  by  aviators  dressed  in  bulky 
cold  weather  clothing.  When  wearing  survival  gear,  the  aviator's  movements 
will  also  be  restricted.  The  LHX  should,  at  a  minimum,  consider  building  some 
of  the  survival  gear  into  the  aircraft  seat  so  aviators  do  not  have  to  wear  it 
on  their  body.  The  LHX  design  must  also  provide  storage  space  for  ALSE  that 
must  be  stored  on  the  aircraft,  in-flight,  and  on  the  ground  when  not  In  use. 
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10.  DISPLAYS  AND  CONTROLS 


The  method  in  which  Information  Is  displayed  to  the  aircrew  of  the  LHX  and 
the  controls  provided  to  operate  the  mission  equipment  and  systems  Is  perhaps 
the  most  crucial  aspect  of  the  crewstation  design.  As  mentioned  earlier,  the 
Increased  demands  of  the  Army  21  concept,  coupled  with  the  continued  addition 
of  new  and  more  complex  systems  into  the  helicopter  crewstations,  are  rapidly 
approaching  a  point  where  crew  workload  or  attention  demands  may  prevent 
obtaining  the  maximum  effectiveness  from  the  aircraft  capabilities.  Studies 
have  shown  that  when  flying  at  terrain  flight  levels,  particularly  NOE,  the 
pilot's  visual  attention  concentrated  outside  the  crewscation  varies  from  33 
to  SO  percent  of  the  overall  available  time,  depending  on  the  mission  profile. 
This  leaves  little  time  to  monitor  the  displays  and  controls  within  the 
airc  raft. 

To  assure  success  in  the  AirLand  Battle,  aircrew  workload  must  not  be 
allowed  to  exceed  a  level  that  restricts  the  effective  use  of  full  aircraft 
capabilities.  The  best  aircraft  system  available  is  of  little  use  unless  it 
can  be  effectively  operated  by  the  aircrew.  One  solution  for  reducing  the 
variety  and  quantity  of  Individual  displays  and  controls  is  the  use  of  a  fully 
Integrated  electronic  cockpit.  That  approach  replaces  the  many  cockpit 
displays,  toggle  switches,  push  buttons,  rotary  switches,  and  electro¬ 
mechanical  meters  and  gauges  with  TV-ilke  dispiays  and  electronic  keyboard 
controls.  The  potential  advantages  of  an  integrated  electronic  crewstation 
when  designed  for  effective  human  interface  are — 

(1)  The  capability  to  provide  the  relevant  data  required  by  the 
crewmembers  in  the  most  accessible  panel  areas  of  the  crewstation. 

(2)  A  reduction  of  the  forward  instrument  panel  space  required  for 
dispiays,  thu3  improving  the  out-of-cockpit  visibility. 

(3)  The  use  of  flight  computers  to  partially  relieve  the  aviator's 
mental  workload  by  integration  of  raw  flight  data  into  a  form  that  requires 
less  dedicated  display*. 

(A)  A  reduction  in  the  weight  of  existing  aircraft  systems  by  com¬ 
bining  current  functions,  supported  by  a  number  of  black  boxes,  into  one  les3 
bulky  system. 

(5)  A  reduction  of  the  number  of  controls  presently  in  the  cockpit. 

Displays  combined  with  the  visual  capabilities  of  the  aircrew  and  the  sen¬ 
sors  feeding  then  provide  the  inf ormation  to  support  the  basic  mission  func¬ 
tions  of  spatial  orientation,  flight  path  control,  weapons  delivery, 
survivability,  navigation,  and  aircraft  systems  monitoring.  Each  of  these 
functions  places  demands  on  a  portion  of  the  aviators  attention  during  a  typi¬ 
cal  U1X  mission.  The  mission  success  wllL  therefore  be  much  dependent  on  ijtv 
ii  liner  In  which  that  information  is  presented  to  the  aircrew  and  the  division 
of  the  aviator's  time  to  properly  attend  to  ea<  L  ■>£  ihese  functions. 


! 
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One  concept  for  the  presentation  of  vLsual  information  in  the  LHX  is  the 
use  of  a  wide  FOV  panoramic  display,  mounted  in  the  aircraft  in  front  of  the 
aviator,  that  would  display  aircraft  performance  information  superimposed  <>n 
■n  tiij'!  of  the  outside  world,  with  resolution  and  visual  capabilities  that 
are  similar  to  that  of  the  human  eye.  It  is  recognized  that  the  technology 
development  for  such  sensors  and  displays  has  not  yet  reached  a  maturity  level 
that  would  allow  that  to  occur  and  reportedly  will  not  do  so  within  the 
constraints,  goals,  and  time  frame  of  the  LHX.  The  two  visual  display  options 
that  appear  to  be  available  for  the  LHX  are  helmet-mounted  and  panel-mounted 
displays.  The  attributes  of  each  will  be  covered  in  more  detail. 

The  use  of  a  helmet-mounted  display  in  the  LHX  tli.it  would  allow  the 
aviators  to  keep  their  eyes  outside  (be  n ev.  s ca  blow,  while  simultaneously 
having  mission  information  displayed  on  a  see-through  lens  in  front  of  their 
eyes  could  provide  a  significant  advantage  when  flying  HOE  and  when  acquiring 
and  destroying  targets.  In  both  those  flight  modes,  while  performing  the 
pll  otage  or  a  targeting  task,  much  of  the  aviator's  attention  is  concentrated 
on  things  outside  the  crewstation  with  little  time  to  monitor  displays  in  the 
crewstation.  The  helmet-mounted  display,  when  integrated  with  a  head-sensing 
system  and  weapons  control,  would  ilso  provide  a  means  to  rapidly  slew  weapons 
and/or  weapon  sensors  by  means  of  head  movements. 

Two  of  the  major  design  criterion  that  need  to  be  established  for  the 
helmet-mounted  display  is  the  FOV  and  the  field  of  regard  (FOR).  The  ideal 
FOV  and  FOR  for  helmet-mounted  displays,  from  the  human  factors  engineering 
standpoint,  would  be  one  that  approaches  that  of  the  human  visual  system.  The 
assessment  of  current  technology  indicates  that  full  capability  will  most 
likely  net  be  available  for  the  initial  fielding  of  the  LHX  and,  therefore, 
some  smaller  FOV  and  FOR  must  be  considered. 

There  is  little  in  the  way  of  scientific  data  to  establish  the  exact 
requirement,  but  a  number  of  evaluations  point  to  the  need  for  wide  FOV  con¬ 
siderably  larger  than  that  of  current  systems.  Flight  a~d  simulation  studies, 
along  with  aviitor  assessments,  suggest  that  the  FOV  for  HMDs  should  be  con¬ 
siderably  greater  tiian  the  40°  available  in  current  systems. 

TKo  estimated  FOV  needed  for  the  LHX,  reported  in  the  U.S.  Army  Aviation 
Systems  Command  (USAAVSCO'i)  Trade-Off  Determination  (TOD),  was  110°  horizontal 
by  60°  vertical.  The  wide  FOV  permits  the  aircrew  to  acquire  peripheral 
information  that  can  be  helpful  in  flying  the  aircraft  and  detecting  threats. 
Evaluations  conducted  in  conjunction  with  the  ongoing  "LHX  Virtual  Cockpit" 
assessment,  conducted  by  the  Air  Force  Aerospace  Medical  Research  Laboratory 
( AFAMRL) ,  indicates  experienced  Army  aviators  prefer  a  crewstation  design  that 
incorporates  HMDs  with  a  FOV  that  is  at  least  90°  horizontal  and  60°  vertical 
or  greater.  FOV  ^  not,  however,  the  only  factor  in  the  ability  to  gain  use¬ 
ful  information  i rom  helmet-mounted  visual  disaplays. 

Other  factors  such  as  resolution,  contrast,  brightness,  and  refresh  rates 
are  inv  Ived.  The  wider  FOV  is  best,  given  that  all  these  other  factors  ere 
const;  .r  but  this  is  not  always  the  case.  Tin-  LHX  HMD  parameters  will  be  a 


conj.irorai.se  between  a  number  of  criteria.  The  FOV  will,  therefore,  be  deter¬ 
mined  oy  the  capability  of  the  technology  available  in  the  LUX  time  fret'  t  > 
pc.-'tli  i  wide  FOV  while  maintaining  a  level  of  lunge  jaallty  that  enhances 
human  and  mission  performance. 

The  workload  analyses  of  the  Advanced  Rotorcraft  Technology  Assessment 
(A in)  program  support  the  need  for  a  wide  FOV  display  for  the  LHX . 
Preliminary  inf orma t Ion  from  the  ARTI  program  received  t*  lite  indicates  tliat 
a  00'-'-  by  30°-F0V  appears  to  be  within  the  realm  of  possibility.  This  area 
needs  to  receive  considerable  attention  to  assure  the  resultant  LUX  design  is 
mission  effective. 

In  idlltion  to  the  FOV  requirement,  the  sensors  providing  information  to 
the  TW  should  be  slewable  to  provide  a  field  of  regard  that  approaches  the 
aviator's  capabilities  at  movement  rates  commensurate  with  normal  head  move¬ 
ment.  With  such  a  visually  coupled  3ystem,  the  visual  content  of  the  HMD 
would  correspond  with,  the  aviator's  head  and  aircraft  movement.  The  limiting 
factor  will  again  be  the  capability  of  technology  to  provide  the  maximum  "Oil. 

"  if  physical  location  of  the  sensors  providing  Information  to  the  aircrew 
is  also  important.  The  sensor  Itself  should  he  positioned  as  close  to  the 
reference  action  position  of  the  crewmember's  eye  as  possible  to  reduce  errors 
in  judgment  concerning  aircraft  location.  Sensors  thit  are  located  at  some 
distance  from  the  position  of  the  aviator's  eyes  require  the  aviator  to  men¬ 
tally  manipulate  the  information  he  sees  on  his  display  in  order  to  react  pro¬ 
perly  to  that  information.  The  net  result  is  a  requirement  for  increased 
Initial  training  and  the  need  to  fly  with  the  system  more  often  to  m.lntain  an 
acceptable  skill  level. 

The  reported  disadvantages  of  the  HMD  Trim  the  human  factors  engineering 
viewpoint  incLude  the  limited  amount  of  information  that  can  be  placed  on  the 
display,  helmet  weight,  ml  co-mac  ting  cables  that  may  impede  egress  from  the 
c  re  ‘  -  c  t  .1  >  t  In  an  emerge  icy,  u  lick  of  easy  interchangeability  of  tailor.*! 
'■.floats  between  aviators,  the  cons iderable  time  consumed  In  fitting  the  helmet 
to  the  Individ. i  »l,  and  the  time  consumed  in  alignment  of  the  sensors  and 
weapon  aiming  sights.  Rach  of  these  areas  are  critical  and  must  be  addressed 
in  tiie  MIX  system  design  to  reduce  their  negative  impact  on  operational  per¬ 
formance.  A  system  design  that  allows  for  interchangeable  helmets  and  display 
systems  between  individuals  and  between  aircraft,  would  be  L.*st, 

final-mounted  visual  displays  provide  a  means  to  reduce  the  relatively 
1 rge  number  of  dedicated  displays  found  in  current  aircraft  to  a  few  electro¬ 
nic  displays.  The  Information  now  placed  on  a  number  of  individual  dials  and 
gauges  could,  for  example,  be  Integrated  into  a  visual  picture  on  one  multi¬ 
function  display.  The  major  advantages  of  this  approach,  ocher  titan  a  reduc¬ 
tion  in  space  and  weight,  is  the  capability  to  place  more  visual  information 
within  the  prime  viewing  space  of  the  crewstation  and  reqaiti*  lest  'i*i1  i  w  :■ 
t  •  if  u  the  part  of  the  aviators  »:<»  oh:,  tin  that  information.  This  is  impor¬ 
tant  Hiring  flight  to  allow  the  aircrew  to  rapidly  obtain  information  from  the 
crewstation  ILsplays. 
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Voice  generation  and  audio  systens  offer  another  approach  for  displaying 
infor, nation  in  the  crews ra t ion.  Audio  cues  have  been  used  for  a  number  of 
years  to  gain  the  lirorew's  attention  during  emergency  situations  and  assist 
in  the  Identification  of  flight  and  navigation  aids.  Those  audio  cues  vary 
from  a  single  tone  or  sound  to  the  use  of  codes  to  identify  radio  signals. 
Synthesized  voice  generated  by  a  computer,  <>a  the  other  hand,  produces  verbal 
messages  that  sound  much  like  the  human  voice.  It  Is  an  advanced  means  by 
which  the  aircraft  systems  can  interact  with  the  pilot  while  leaving  his  eyes 
free  for  obtaining  visual  infor  n.i  t !  <■  i  from  outside  the  crewstation  and  from 
other  displays.  it  is  expected  chat  a  computer  will  he  us-d  to  monitor  the 
aircraft  subsystems  in  the  LUX.  When  the  computer  senses  that  a  subsystems' 
tolerance  limits  have  reached  a  level  that  requires  pilot  attention,  a  speech¬ 
generated  signal  could  alert  the  pilot.  Threat  warnings  could  be  handled  In  a 
similar  manner  either  by  speech  alone  or  in  conjunction  with  visual  displays. 

Speech  generation  technology  is  sufficiently  advanced  to  a  state  that  it 
could  be  used  in  the  LHX  today.  The  use  of  both  genera  toil  speech  and  audio 
tones  have  a  place  in  the  LHX  crewstation  display  system.  Speech  systems  have 
the  advantage  of  conveying  information  in  a  human- l ike  voice,  but  do  consume  a 
dedicated  amount  of  time  and  only  one  understandable  message  can  be  conveyed 
at  a  time.  The  audio  tones,  on  i.he  other  hand,  may  be  transmitted  in  a 
shorter  period  of  time  but  requires  the  aviator  to  commit  to  memory  the 
meaning  of  various  coded  tones.  The  use  of  generated  speech  or  audio  tones 
both  Ih'O  an  additional  limitation  in  th t  :  he  human  can  only  process  a  given 
amount  of  information  in  a  short  period  of  time.  Too  many  speech  or  audio 
warnings,  Like  any  other  warning  system,  could  easily  overload  the  aircrew. 

The  advantages  of  both  speech  generation  and  audio  tones  need  to  be  completely 
integrated  with  the  visual  Information  displays  in  the  crewstation  to  provide 
the  best  transfer  of  information  from  the  aircraft  sensors  to  the  human 
opera  tor. 

The  effective  design  of  the  mission  equipment  systems  controls  placed  in 
the  crewstition  is  as  important  as  the  display  system.  It  is  through  these 
devices  that  the  aircrew  communicates  with  and  controls  the  operation  of  such 
mission  equipment. 

In  the  past,  that  function  has  been  mainly  accomplished  by  the  us  •  af 
■  ■•■Heated  toggle,  rotary  switches,  and  push  buttons.  7ho-e  options,  which  are 
still  available,  can  be  supplemented  with  voice  activated  systens,  touch  sen¬ 
sitive  electro  ilc  disolays,  multifuction  keyboards,  individual  push  bjttous, 
and  joy  sticks. 

Each  of  these  systems  or  approaches  have  been  evaluated  on  a  limited  basis 
in  the  laboratory  but  few  have  received  complete  evaluations  in  Army  aircraft. 

The  use  of  .  ti/atei  ;/,Ti5,  for  example,  provides  a  potential  that 

would  allow  the  aircrew  to  control  system  functions  by  talking  to  the  system. 
Wh in  the  i'it>r  speaks,  the  speech  recognition  system  analyzes  the  spoken 
■wot;  I  <id  converts  it  into  digital  signals  that  can  control  aircraft  systems. 
The  major  advantage  of  speech  recognition  is  tint  it  allows  the  pilot  to 
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Interact  with  controls  and  displays  using  spoken  commands  without  the  use  of 
his  hands  or  feet.  Potential  applications  of  this  technology  include  limited 
flight  control  such  as  "unmask."  and  "remasking"  maneuvers,  interaction  with 
and  possibly  the  firing  of  weapon  systems,  tuning  and  controlling  of  radios 
aid  navigation  devices,  and  for  data  entry  other  than  manual  manipulation  of  a 
keyboard  of  switches.  The  above  examples  are  but  a  few  that  speech  recogni¬ 
tion  devices  can  support  when  the  technology  Is  mature  enough  to  do  so.  At 
this  tine,  t>  ■  1 1  s tdvantages  of  speech  recognition  are  equally  numerous. 

Research  efforts  have  pointed  out  that  speech  recognition  systems  have 
problems  when  operating  in  a  noisy  envirnoment  such  as  that  of  a  helicopter. 

Emotional  and  physical  stress  .s'’' acts  on  an  individual's  voice  has  an  adverse 
"ict  on  the  system's  ability  recognize  the  spoken  word.  Speech  pattern 
differences  between  ladivilul-  '•  ;  <  iajoc  obstacle  to  the  practical  applica¬ 
tion  of  the  technology.  Today’ s  systems  are  speaker-depandent,  meaning  that  r 

they  must  be  trained  to  recognize  the  input  of  one  particular  speaker  at  a 
time.  The  potential  for  speech  recognition  to  aid  in  reducing  workload  in  the 
crews ta tio ns  is  high,  but  researchers  in  this  area  indicate  the  probability  of 
its  n  o.urii;  within  f  ie  LHX  initial  development  Is  low. 

Multifunction  keyboards  also  provide  a  potential  that  should  be  captured 
for  the  LHX,  Ax  discussed  in  the  section  on  communications,  a  single  multi¬ 
function  ke/hoac'  be  used  to  control  a  variety  of  radios  and  navigation 

systems  thereby  replacing  a  number  of  individual  radio  and  lavigation  controL 
heads.  The  major  advantage  is  the  reduction  of  space  necessary  in  the 
crew  station  dovotei  specifically  to  those  control  functions.  From  the  human 
factors  .>  1 1  u  Ip  lint,  the  additional  space  provided  by  the  use  of  a  multifunc¬ 
tion.  1  i/boici  provtlis  the  feasibility  to  better  place  the  remaining  controls 
and  displays  In  a  positioi  that  facilitates  their  effective  use  by  the 
aviators.  Flying  the  aircraft  with  one  hand  while  operating  the  multifunction 
keyboard  may,  however,  present  soma  problems.  A  multif unc tion  keyboard  has 
been  used  in  the  t  .'“-crewmember  0H-5SD  scout  helicopter  but  has  not  been  eval¬ 
uated  In  a  single-crew  context.  This  area  needs  to  be  more  thoroughly 
va  lua  ted  . 

The  concept  of  the  aviator  keeping  his  hands  on  the  controls  .s  much  is 
possible  has  received  a  lot  of  attention  in  the  design  of  recently  developed 
belie  >pterj.  That  approach  attempts  to  place  all  of  the  critic;-!  control 
switches  on  the  cyclic  or  collective  pitch  grips  so  that  the  aviator  can  c.-o  h 
ail  operate  them  without  moving  hi3  hands  off  the  flight  controls.  Due  to 
sensitivity  of  the  side-arrn  controller,  that  approach  nay  no  longer  be  valid. 

It  may  be  best  not  to  put  any  system  switches  on  the  device.  The  uviitir.-' 

f ree  hand  can  then  be  expected  to  be  used  to  operate  the  mission  equipment  and 

systems  other  than  the  flight  controls.  The  location  of  the  system  controls 

therefore  becomes  an  open  question  that  requires  investigation  from  a  human 

factors  viewpoint.  This  issue  is  of  critical  importance  to  the  single  crew  , 

L'tX  In  order  to  maintain  the  crew  workload  at  an  acceptable  level. 

1L.  '  iOMCLU  S ION  S / R  ECO MM  EN  DAT ION  S . 

Army  aviation' s  role  in  combat  lias  increased  over  the  years  from  the 
re  la ci  /  Jiy  limited  use  of  helicopters  and  fixed  wing  aircraft  to  transport 


R-I 1-30 


soldiers  and  material  around  the  battlefield  and  performing  scout  missions  to 
one  of  full,  close  combat  missions.  The  expanded  missions  along  with  the 
Increased  threat  capability  demanded  the  design  and  implementation  of  new  tac¬ 
tics.  Helicopters  are  now  required  to  use  terrain  flight  tactics  to  shield 
the  aircraft  from  enemy  detection.  Flying  at  low  levels  and  NOE  below  treetop 
levels  is  extremely  demanding  on  the  flight  crew.  NOE  flight  requires  the 
pilot  to  focus  most  of  his  visual  attention  outside  the  crewstation  while 
rapidly  man«u,,er ing  the  aircraft  around  obstacles  in  the  flight  path.  Add  the 
ether  crew  tasks  like  navigating,  communicating,  target  acquisition  and 
engagement:  and  monitoring  of  the  aircraft  subsystems,  and  the  demand  on  the 
aircrew's  physical  and  mental  abilities  rapidly  increases.  The  requirement  to 
fly  and  fight  around-the-clock  further  compounds  the  problem. 

The  increasingly  hostile  environment  Army  aviators  must  fight  in  and  the 
number  and  complexity  of  new  aviation  systems  requires  a  large  amount  of 
information  be  presented  to  and  assimilated  by  the  aircrew.  The  most  essen¬ 
tial  ingtedient  of  the  design  of  the  LHX  for  the  future  battlefield  is  the 
integration  of  the  vast  amount  of  information  provided  by  the  aircraft  sensors 
into  a  form  that  can  easily  be  interpreted  and  used  by  the  aircrew. 

The  goal  of  a  single-crewmembe-  LHX  demands  an  even  more  efficient 
crewstation  design.  The  full  integration  of  the  information  displays,  the 
control  techniques  employed,  and  the  capabilities  and  limitations  of  the 
aircrew  at  a  level  much  greater  than  current  aircraft  is  mandatory,  if  that 
goal  is  to  be  achieved.  The  functions  the  aircrew  must  perform  in  the  LHX 
fall  into  the  major  functional  areas  of  flight  control,  navigation,  com¬ 
munication,  target  acquisition  and  engagement,  survivability,  and  system 
status  monitoring. 

Each  of  these  functions  is  of  prime  importance  when  the  LHX  enters  combat. 
The  inability  of  the  aircrew  to  effectively  perform  any  one  of  these  functions 
could  result  in  degraded  performance  and  loss  of  mission  success.  From  a 
human  factors  viewpoint,  the  following  general  recommendations  for  the 
integrated  crewstation  should  receive  attention. 

(1)  Flight  control.  A.n  accurate  automated  flight  control  with  full 
terrain  following  and  terrain  avoidance  capability  would  be  best,  but  does  not 
appear  feasible  within  the  LHX  development  schedule.  The  LHX  should,  however, 
provide  a  level  of  automatic  control  and  stability  jgmentation  that  reduces 
pilot  workload  and  improves  mission  performance.  A  hove--hold  capability 
should  be  provided  along  with  a  low-level  cruise  capability.  Consideration 
should  also  be  given  to  an  automatic  "pop-up"  maneuver  control.  The  use  of 
side-arm  controllers  to  replace  the  current  flight  cor.  ols  now  found  in  heli¬ 
copters  also  has  some  advantages  with  respect  to  aviator  physical  fatigue  and 
the  removal  of  visual  restrictions  between  the  aviator  and  the  aircraft 
displays.  The  question  concerning  how  many  of  the  control  functions  can 
effectively  be  placed  on  a  single  side-arm  controller  remains  unanswered. 
Additional  investigations  are  needed  to  address  that  area. 

(2)  Navigation.  The  LHX  navigation  system  should,  at  a  minimum,  con¬ 
sist  of  an  electronic,  horizontal  situation  display  that  gives  the  aircrew 
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real-time  accurate,  spatial  information  concerning  their  own  position  and  the 
position  of  friendly  and  threat  forces  during  day,  night,  and  adverse  weather 
conditions.  The  system  should  allow  the  aircrew  to  rapidly  obtain  information 
from  the  display  with  minimal  head-down  time  inside  the  crewstation,  provide  a 
means  to  automatically  update  the  position  information,  and  allow  the  aircrew 
the  capability  to  annotate  the  display  with  friendly  arc  threat  information. 
The  feasibility  and  potential  advantages  of  the  digital  datr>  base  navigation 
system  should  be  included  in  the  LHX  when  that  technology  matures. 

(3)  Communication.  The  control  of  the  numerous  radios  and  navigation 
aids  from  a  central  point  should  be  considered  to  free  up  the  crewstation 
space  and  allow  a  rare  effective  placement  of  other  displays  and  controls. 

The  LHX  design  should  include  an  automatic  data  loading  system  that  would 
rapidly  transfer  communications,  navigation,  threat,  and  other  system  infor¬ 
mation  into  the  avionics  computers  at  the  beginning  of  the  mission  and  provide 
the  capability  of  updating  that  information  during  flight.  A  communication 
system  with  less  noise  and  better  speech  intelligibility  needs  to  be  developed 
for  the  LHX. 

(4)  Target  acquisition  and  engagement.  The  automatic  processing  of 
Information  from  the  various  target  acquisition  sensors,  to  provide  a  com¬ 
posite  display  which  only  contains  the  information  necessary  for  target  enga¬ 
gement  or  handoff,  is  recommended  for  the  LHX.  A  fast  method  of  data 
processing  and  correlation  must  be  developed.  Target  lock-on  and  tracking 
should  also  be  automated  to  assist  in  holding  the  target  within  the  field  of 
view  of  the  sensor  and  displays.  Video  recording  techniques  should  be 
employed  to  allow  the  aircrew  to  collect  target  or  threat  information  for 
analysis  at  a  later  time.  Sensors  and  related  systems  should  be  provided  to 
automatically  scan  for  airborne,  as  well  as  ground  targets.  The  ideal  would 
be  a  target  acquisition  and  engagement  system  with  full  automation  of  the 
target  detection,  acquistiion,  tracking,  identification,  and  engagement  task 
with  the  pilot  as  the  system  manager  and  final  decision  maker. 

(5)  Survivability. 

(a)  Aircraft  survivability  equipment  (ASE)  systems  will  be  an  impor¬ 
tant  factor  in  the  LHX.  That  system  should  have  provisions  for  entering  known 
threat  information  into  the  avionics  computer  memory  and  the  display  of  those 
threats  along  with  geogi  jphic  location  information  should  be  designed  into  the 
LHX.  Individual  threat  detection  devices  should  be  integrated  to  form  a 
single  survivability  syst'^  that  rapidly  provides  the  aircrew  relevant  infor¬ 
mation  regarding  the  thre,  location  and  the  countermeasure  necessary  to 
defeat  the  throat.  The  threat  information  must  be  prioritized  and  the  threats 
displayed  must  be  limited  co  the  optimal  number  the  aircrew  can  handle  at  one 
time.  The  information  presented  to  the  aircrew  should  include  target  position 
and  location,  as  well  as  information  concerning  the  appropriate  defensive 
action  the  crew  should  take  to  defeat  the  threat. 

(b)  NBC  defensive  measures  must  be  a  part  of  the  crewstation  design 
of  the  LHX  to  allow  the  aircrew  the  option  to  avoid  contaminated  areas  or  to 
f  t  gilt  in  them.  The  system  design  should  include  NBC  collective  protection 
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provided  through  a  sealed  and  pressurized  aircraft,  remote  detectors  to  warn 
the  aircrew  of  contaminated  areas  before  they  have  entered  the  area,  and  point 
detectors  to  advise  the  air  and  ground  crews  when  the  exterior  or  interior  of 
the  aircraft  has  become  contaminated.  The  capability  to  maintain  the  indivi¬ 
dual  aviator  at  the  optimal  body  temperature  while  clothed  in  NBC  clothing 
should  also  be  included.  The  crewstation  controls  and  displays  should  be 
designed  so  that  they  are  compatible  with  the  aviator  in  full  NBC  gear  and 
life  support  equipment.  In  addition,  the  LUX  design  should  consider  agent 
resistant  coatings  ar.d  the  application  of  design  techniques  to  prevent  con¬ 
tamination  from  adhering  to  the  exterior  surfaces  and  from  entering  the 
Interior  subsystems  of  the  aircraft.  Provisions  should  also  be  provided  for 
the  addition  of  onboard  decontamination  devices  at  a  later  date. 

(6)  System  status  monitoring. 

Monitoring  of  the  system  status  is  a  prime  candidate  for  automation.  It 
is  recommended  that  the  concept  of  system  status  management  by  exception  be 
employed  in  the  LUX.  A  computerized  monitoring  system  could  maintain  a 
constant  vigilance,  perform  trend  analysis,  diagnose  abnormalities,  and  pro¬ 
vide  the  aircrew  with  the  information  needed  to  take  the  appropriate  action 
required  by  the  particular  situation.  The  system  should  also  be  designed  to 
allow  the  aircrew  the  capability  to  obtain  information  from  the  system  when 
desired . 

(7)  Aviation  life  support  equipment  (ALSE).  The  LHX  crewstation 
should  be  designed  so  that  the  air  and  ground  crews  can  effectively  operate 
and  maintain  the  aircraft  when  wearing  cold  weather,  NBC,  and  survival 
clothing  ar.d  gear.  Space  must  be  provided  for  the  storage  of  ALSE.  Oxygen 
systems  should  be  provided  for  high  altitude  and  night  missions.  An  LHX 
advanced  aircrew  protective  helmet  should  be  designed  as  an  integral  part  of 
the  crewstation. 

The  detailed  assessment  of  each  of  the  nonmajor  crow  functions  outlined 
above  reveals  a  common  denominator  upon  which  the  LHX  mission  performances  and 
success  heavily  depends.  The  LHX  sensors  and  systems  all  provide  an  enormous 
amount  of  mission-related  information  to  the  aircrew.  The  effective  use  of 
that  information  relies  on  the  ability  of  the  aircrew  to  mentally  process  the 
information,  decide  on  the  best  course  of  action,  and  through  the  LHX 
controls,  execute  that  action.  To  assure  success  of  the  LHX,  information 
obtained  from  the  various  subsystems  must  be  integrated  and  presented  to  the 
crew  in  a  meaningful  manner.  The  importance  of  the  crewstation  integration 
cannot  be  over  emphasized. 

This  review  of  the  major  human  factors  engineering  issues  of  the  LHX  crew¬ 
station  integration  concerns  has  indicated  that  the  capabilities  and  limita¬ 
tions  of  the  human  must  receive  additional  consideration.  The  LHX  is  expected 
to  be  a  highly  automated  helicopter  with  the  capability  to  provide  the  aircrew 
with  information  continuously.  It  is  the  integration  of  that  information  into 
the  crewstation,  along  with  the  processing  of  that  information  by  the  crew¬ 
members  and  the  resulting  control  actions  on  the  part  of  the  aircraft  that 
require  much  attention  from  the  human  factors  engineering  viewpoint.  The 
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human  factors  engineering  analyses  presented  in  the  AVSCOM  TOD  and  this  TRADOC 
TOA,  along  with  the  preliminary  results  provided  thus  far  from  the  ARTI 
program,  all  contribute  to  the  assessment  of  the  soldier-machine  interface  of 
the  LHX  and  the  enhancement  of  the  crew's  operational  capability »s  and  the 
manpower,  personnel,  and  training  requirements.  These  preliminary  efforts 
provide  a  framework  for  the  development  of  the  LHX  but  do  not  answer  all  the 
human  factors  engineering  related  issues.  Human  factors  engineering  for  the 
LHX  crewstation  is  part  of  an  iterative  design  process  that  must  be  con¬ 
tinually  reviewed  and  updated.  The  operational  success  of  the  LHX  on  the 
battlefield  is  dependent  on  that  process  continuing.  The  continued  support 
from  a  number  of  government  organizations  and  laboratories  that  deal  with 
human  related  aspects  of  Array  aviation  will  be  necessary  to  accomplish  the  LHX 
goals . 
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Annex  III  to  Appendix  R 

TACTICAL  IMPLICATIONS  OP  ONE-MAN  VERSUS  TWO -MAN 

M&CBEHS  E2R  IH£  LIGHT  HSU  COZIER  L&MILX  1LHX  ) 
(Partial  Report) 


R-III-1.  The  memorandum,  "Tactical  Implications  of  One-Man  Ver¬ 
sus  Two-Man  Aircrews  for  the  Light  Helicopter  Family  (LHX)  (Par¬ 
tial  Report)"  is  reproduced  on  the  following  pages.  The  memoran¬ 
dum  was  the  result  ot  a  preliminary  investigation  conducted  in 
the  first  half  of  1983  by  the  Task  Force  86  Division,  Directorate 
of  Combat  Developments,  United  States  Army  Aviation  Center,  Fort 
Rucker,  Alabama. 


R-1 1 1-3 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


R-III-4 


DEPARTMENT  CT  THE  ARMY 


HCAJXLUAJmDSS  UMI7ZO  8TATS9  ASSUy  AVtATlOa  CSMTSR  AMO  PORT  rucks* 
PORT  RUCKER,  ALABAMA  38382 


— trro 
atthhqrqr 


ATZQ-D-TF86 


29  July  1983 


MEMORANDUM  THRU  CHIEF,  CONCEPTS  AND  STUDIES  DIVISION,  DCD 
FOR  DIRECTOR  OF  COMBAT  DEVELOPMENTS 

SUBJECT:  Tactical  Implications  of  One-Man  Versus  Two-Man  Aircrews  for  the 
Light  Helicopter  Family  (LHX)  (Partial  Report) 


1.  PURPOSE.  To  determine  whether  a  one-man  or  a  two-man  aircrew  is  more  tac¬ 
tically  desirable  for  the  Army's  light  helicopter  family  (LHX). 

2.  BACKGROUND.  There  is  a  concern  among  combat  developers  that  while  tech¬ 
nology  may  be  able  to  provide  us  a  one-man  cockpit  for  the  LHX,  the  tactical 
implications  of  a  one-  or  two-man  aircrew  in  the  context  of  the  AirLand  Battle 
have  not  been  sufficiently  identified  or  explained.  The  LHX  concept  for¬ 
mulation  package  (CFP)  would  require  decisions  on  this,  among  other  con¬ 
figuration  problems,  early  enough  to  give  the  materiel  developer  and  industry 
the  guidance  necessary  to  proceed  with  actual  aircraft  development. 

Therefore,  the  decision  was  made  to  identify  these  tactical  implications. 

This  memorandum  records  the  results  of  a  tactical  function  analysis.  A  second 
memorandum  will  be  prepared  later  to  record  the  results  of  the  literature 
search  and  information  obtained  from  sister  services.  Both  memorandums  will 
provide  input  to  the  LHX  CFP  cockpit  substudy. 

3.  ASSUMPTIONS. 

a.  The  LHX  can  have  a  fully  integrated,  one-man  cockpit  that  will  allow 
24-hour,  all-weather  operations  in  time  to  meet  it3  initial  operational  capa¬ 
bility  (IOC)  date. 

b.  The  LHX  mission  will  require  operation  on  a  high-intensity  battlefield 
in  all-weather,  day  and  night  conditions. 

c.  The  LHX-SCAT  (scout  attack)  aircrew  workload  will  be  higher  than  that 
of  the  LHX-U  (utility). 

4.  MISSION  FUNCTION  ANALYSIS. 

a.  Procedure.  Rather  than  analyze  the  functions  required  for  both  LHX 
SCAT  and  utility  crewmembers,  the  study  team  decided  to  analyze  the  mission 
which  they  considered  the  more  demanding,  that  of  the  SCAT.  The  task  analysis 
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of  the  Advanced  Scout  Helicopter  (ASH)  contained  in  the  final  report  of  the 
ASH  Special  Study  Group  (SSG)  (reference  1)  was  used  for  the  scout  portion  of 
the  SCAT  mission.  This  analysis  was  based  on  the  1986  battlefield  and  con¬ 
sidered  "the  aerial  scout  in  the  air  cavalry,  attack  helicopter,  field 
artillery  scout,  and  battlefield  management  roles."  The  study  team  added  the 
attack  functions,  using  the  task  analysis  in  the  AAH  COEA,  (reference  2),  not 
already  covered.  All  of  the  functions  were  then  adapted  to  the  demands  of 
AirLand  Battle  2000  and  analyzed  on  the  basi3  of  equipment  expected  to  be 
available  in  the  AH-64  and  AHIP  scout. 

b.  Results.  Commanders  tactically  employ  aircraft  as  an  entire  system.  r 

That  system  includes  the  airframe,  the  hardware,  the  control  systems,  and  the 
aircrew.  Tactically,  it  is  irrelevant  whether  the  aircrew  consists  of  one 
crewman  or  two  crewmen.  What  is  relevant  is  that  the  system.  Including  the 
aircrew,  must  be  able  to  perform  all  the  required  battlefield  functions. 

Those  required  of  the  SCAT  are  outlLned  below.  If  the  SCAT  system  cannot  per¬ 
form  even  one  of  the  functions ,  then  it  will  be  unsatisfactory  for  tactical 
use.  Table  l  shows  the  relative  importance  of  each  SCAT  function  analyzed 
within  the  various  SCAT  roles— reconnaissance,  attack,  and  field  artillery 
aerial  observer.  The  table  also  contains  a  summary  of  crew  size  required  for 
each  function  using  equipment  expected  to  be  available  in  the  AHIP  scout  and 
AH-64.  Following  is  the  analysis  of  functions  taken  from  the  ASH  CFP.  The 
function,  condition,  standard,  discussion,  and  related  function  paragraphs 
were  extracted  and  adapted  to  the  SCAT  and  AirLand  Battle  2000.  As  much  of 
the  original  wording  as  practical  was  left  intact.  We  added  paragraphs 
dealing  with  crew  size  and  rationale.  We  also  added  functions  30  and  31, 
using  information  from  tne  AAH  COEA.  Other  function  numbers  remain  the  same 
aa  in  the  original  ASH  repot t.  Assumption  3b  applies  to  each  function. 

(1)  Function  1:  Detect  military  targets. 

Condition:  Aa  an  LHX  SCAT  with  the  aid  of  onboard  long  range  and 
remote  day/night  and  varying  visibilities  and  weather. 

Standard:  Correctly  recognize  moving  and  stationary  weapon 
systems  by  type;  for  example,  tank,  truck,  or  air  defense  weapon  within  the 
regimental  area  of  interest.  ** 

Discussion: 

AirLand  Battle  2000  states  that  immediate  and  accurate  detection 
of  military  weapon  systems  is  essential  to  successful  engagement  of  the  enemy. 

First,  the  enemy  must  be  detected  and  then  recognized  and  further  identified. 

Soviet  doctrine  dictates  that  they  fight  both  day  and  night;  therefore,  US  and 
Allied  armies  must  be  able  to  tight  in  the  same  environment. 
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Table  1.  Importance  of  Functions  in  SCAT  Roles  (Primary  or  Secondary). 


SCAT  Role _  _ Aircrew  Size  Required* 

Function  Recon  |  Attack  |  FAAO  One  Crewman  1  Two  Crewmen 


*Requirement  based  on  consideration  of  equipment  expected  to  be 
available  in  the  AHIP  scout  and  AH-64. 
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Timely  detection  of  targets  in  the  area  of  interest  is  extremely 
important  to  the  frontline  commander.  Commander's  reaction  time  to  critical 
situations  is  essential  to  timely  execution  of  maneuver  to  counter  a  threat. 
Increased  identification  ranges  increase  valuable  reaction  time. 

Related  functions:  26,  30. 

Crew  size:  Two . 

Rationale:  One  crewman  is  required  to  fly  the  aircraft,  scanning 
rapidly  the  area  in  front  of  the  aircraft  while  the  other  crewman  does 
detailed,  much  slower  search  to  the  front  for  targets,  using  optical  devices. 

(2)  Function  2:  Recognize  military  targets. 

Condition:  As  an  LHX  SCAT  with  the  aid  of  onboard  long  range  and 
remote  sensors  under  day/night  and  varying  visibilities  and  weather. 

Standard:  Correctly  recognize  moving  and  stationary  weapon 
systems  by  type;  for  example,  tank,  truck,  or  air  defense  weapon  within  the 
regimental  area  of  interest. 

Discussion: 

The  AirLand  Battle  2000  indicates  that  immediate  and  accurat' 
recognition  of  vehicles  and  weapon  systems  is  paramount  to  successful  engaf 
ment  of  the  enemy.  Soviet  doctrine  dictates  that  Soviets  fight  both  day  and 
night;  therefore,  US  and  Allied  armies  must  be  able  to  fight  in  the  same 
environment . 

Timely  recognition  of  targets  in  the  area  of  interest  is 
extremely  important  to  the  frontline  commander.  Commander's  reaction  time  to 
critical  situations  is  essential  to  timely  execution  of  maneuver  to  counter  a 
threat.  Recognition  at  longer  ranges  increases  valuable  reaction  time. 

Related  functions:  1,  26,  30,  31. 

Crew  size:  Two . 

Rationale :  Same  as  function  1. 

(3)  Function  3:  Identify  military  targets. 

Condition:  As  an  LHX  SCAT  with  the  aid  of  onboard  long  range  and 
remote  sensors  under  day/night  and  varying  visibility  and  weather  conditions. 
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Standard:  Correctly  identify  moving  and  stationary  weapon 
systems  as  friendly  or  enemy  within  the  regimental  area  of  influence. 

Discussion:  Battlefield  effectiveness  is  highly  dependent  on 
timely  identification  of  targets.  Not  only  must  a  target  be  detected  and 
recognized  but  also  identified  as  friendly  or  threat  by  type  and  model  such  as 
Soviet  tank.  T-72.  Tanks  require  a  different  counter  from  infantry,  for 
example.  The  frontline  commander  needs  target  identification  as  early  as 
possible  so  that  maneuver  and  preparation  can  be  optimized.  The  joint  TRADOC 
and  TAC  study,  "Reconnaissance  Surveillance  Joint  Mission  Area  Analysis" 
(reference  3),  supports  the  requirement  for  rapid  identification  of  targets. 
The  importance  of  the  identification  increases  as  the  distance  from  the 
friendly  area  of  operations  decreases.  Commander's  reaction  time  to  critical 
situations  is  essential  to  timely  execution  of  maneuver  to  counter  a  threat 
effectively. 


Related  functions:  1,  2,  26,  30,  31. 


Crew  size:  Two. 

Rationale:  Same  as  function  1. 

(4)  Function  4:  Communicate  using  tactical  voice  communications. 

Condition:  As  an  LHX  SCAT  using  radios  or  data  burst  equipment. 

Standard :  Maintain  communications  with  organic,  supported,  and 
supporting  units. 

Discussion: 

Both  the  Air  Force/Army  Reconnaissance  Force  Study  (reference  4) 
and  the  TAC/TRADOC  Reconnaissance  Surveillance  Mission  Area  Analysis  Study 
stress  the  immediacy  of  passing  combat  information  to  the  team/ task  force 
frontline  commander.  This  information  acquired  by  the  LHX  SCAT  must  be  pro¬ 
vided  on  a  timely  basis,  in  most  cases  less  than  5  minutes,  accurate  to  100 
meters,  and  provide  resolution  that  addresses  threat  vehicle  type.  Tactical 
communications  provide  the  LHX  SCAT  with  a  means  to  convey  timely,  vital 
information  to  the  responsible  ground  commander. 

While  this  task  specifically  addresses  communication  requirements 
in  terms  of  voice,  it  also  recognized  that  systems  such  as  TACFIRE  and  the 
battery  computer  system  (BCS),  while  possessing  a  voice  capability,  will  pri¬ 
marily  emphasize  digital  communications.  Digital  communications  will  greatly 
contribute  to  reducing  LHX  SCAT  voice  communication  requirements.  However, 
digital  communications  will  not  eliminate  totally  the  requirement  for  voice 
communications,  particularly  when  unformatted  information  must  be  transmitted 
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rapidly.  It  is  acknowledged  that  voice  communications  can  be  jammed  in  an 
intense  electronic  warfare  (EW)  environment;  however,  as  pointed  out  in  the 
Nap-of-the-Earth  Communications  Concept  Formulation  Package,  operation  in  a 
high  EW  threat  environment  requires  radios  to  have  advanced  features  such  as 
variable  power,  preset  channel  selection,  frequency  scanning,  selective-call 
codes,  and  a  data  transmission  and  receiving  capability. 

Related  functions:  1-4,  12,  13,  13,  21-26,  28. 

Crew  size:  Two,  if  information  is  formatted;  one,  if  information 
is  not  formatted. 

Rationale:  Both  formatting  and  inputting  data  require  one 
crewman  to  transfer  his  attention  from  outside  the  aircraft  to  the  format  or 
data  entry  keyboard.  The  second  crewmember  is  required  to  fly  the ‘aircraft 
and  maintain  aircraft  security. 

(5)  Function  5:  Communicate  in  an  EW  environment. 

Condition:  Aa  an  LHX  SCAT  faced  with  enemy  EW. 

Standard:  Maintain  continuous  ability  to  receive,  coordinate, 
and  disseminate  orders,  requests,  and  combat  information  under  the  restrictive 
influence  of  enemy  EW. 

Discussion: 

Current  threat  information  indicates  that  the  enemy  has  the  capa¬ 
bility  to  restrict  or  possibly  prohibit  electronic  methods  of  communications. 
Further,  that  threat  EW  and  physical  destruction  combined  could  possibly  deny 
NATO  forces  the  use  of  much  of  their  electronic  command  and  control  systems 
before  and  during  battle.  Therefore,  our  communication  systems  must  be  varied 
and  a  certain  amount  of  redundancy  in  communication  systems  will  be  necessary 
to  maintain  communications  on  the  battlefield.  In  many  Instances,  standard 
tactical  voice  communications  will  be  available  and  should  be  used  as 
required;  however,  these  communication  systems  are  easily  susceptible  to  enemy 
jamming  efforts  and  will  not  always  be  available.  Because  tactical  voice  com¬ 
munication  systems  can  be  jammed  easily,  an  alternate  communication  system 
must  be  available  to  supplement  tactical  voice  communications.  One  or  more  of 
the  following  systems  must  be  available  to  supplement  voice  communications: 

a.  Digital  message  device  (DMD).  Difficult  to  jam  because 
Information  is  data  burst  to  receiver  in  a  fraction  of  the  time  required  by 
voice  communications. 
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b.  Send -a-mes sage  (SAM).  A  visual  method  of  communications 
in  which  different  colors  on  flash  cards  indicate  the  message  (see  function  14 
for  details). 


Studies  and  technology  have  shown  that  tactical  voice  com¬ 
munications  can  be  improved  for  operation  in  a  high  EW  threat  environment  by 
having  features  such  as  variable  power,  preset  channel  selection,  frequency 
scanning,  and  selective  call  code3.  However,  these  systems  would  still 
require  one  of  the  aforementioned  systems  as  a  back-up. 

Related  functions:  4,  6-8,  12-15,  18,  20,  20a,  21-26,  28. 

Crew  size:  Two,  if  information  is  formatted;  one,  if  information 
is  not  formatted. 

Rationale :  Same  as  function  4. 

(6)  Function  6:  Pass  battlefield  information. 

Condition:  As  an  LHX  SCAT  via  radio  in  an  EW  and  non-EW  environ¬ 
ment  utilizing  voice  and  digital  communications. 

Standard:  Combat  information  must  be  received  by  the  frontline 
commander  within  5  minutes.  The  report  must  include  description  of  activity, 
size  of  force,  speed,  direction  of  movement  and  location  to  within  a  100-meter 
accuracy. 


Discussion: 

The  importance  of  spot  reports  increases  with  proximity  to  the 
FE3A  and  must  be  timely  and  accurate,  otherwise  the  information  accrues  a 
"minus  value."  This  minus  value  applies  to  information  that  has  lo3t  its 
utility  and  could  cause  unnecessary  clogging  of  communication  paths,  wasted 
collection  resources,  and  perhapa  the  blocking  of  other  vital  information. 
Combat  information  can  lose  it3  utility  very  rapidly  when  examined  in  light  of 
company  team/ battalion  task  force  commander's  needs.  Information  within  the 
area  of  influence  for  battlefield  management  purposes  at  the  company 
team/ battalion  task,  force  level  must  be  timely  to  5  minutes  or  less  and  iden¬ 
tify  company/ platoon  level  threat  unit  location  to  500  meters  or  less 
accuracy.  Information  for  execution  against  the  enemy  within  this  area  must 
be  timely  to  the  frontline  commander  to  5  minutes  or  less  and  must  identify 
type  threat  vehicle  locations  to  100  meters  or  less  accuracy.  Precise  loca¬ 
tions  and  identities  of  specific  weapons  aud  weapon  systems,  comm’mication 
modes  and  command  posts  as  well  as  the  identification,  location,  intentions, 
and  strength  of  units  are  vital  information  to  the  battle  captain  fighting  the 
war . 
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Aerial  systems  should  be  used  to  extend  observation  to  the 
limit  of  the  area  of  interest  and  to  supplement  capability  of  ground  systems 
to  observe  close-in  areas  where  terrain  mashing  precludes  direct  ground 
observation. 


Related  functions:  4,  5,  7,  10,  20-22,  26-28. 


Crew  size;  Two . 

Rationale;  One  crewman  flies  the  aircraft  and  maintains  aircraft 
security  while the  "other  refers  to  maps,  overlays,  reference  points,  etc.,  in 
order  to  pass  battlefield  information. 

(7)  Function  7 ;  Communicate  during  radio  silence. 

Condition:  As  an  LHX  SCAT  without  the  use  of  radios  during  radio 

silence. 

Standard:  Maintain  nonradio  communications  within  organic,  sup¬ 
ported,  and  supporting  units. 

Discussion:  It  has  long  been  recognized  that  radio  silence  is 

necessary  at  times  to  insure  security,  surprise,  or  protection  against  enemy 
EW.  Traditionally,  messenger  service,  visual  communications,  and  sound  com¬ 
munications  have  been  U3ed  as  alternative  methods  of  communication  during 
radio  silence.  Each  of  these  three  methods  will  be  addressed  individually 
below: 


a.  Messenger  service  is  an  excellent  means  of  securely  com¬ 
municating  during  radio  silence;  however,  thi3  method,  in  many  cases,  may  not 
satisfy  the  timeliness  requirement  for  combat  information  which  must  be 
transmitted  by  the  LHS  SCAT.  In  many  cases,  this  method  may  be  the  only 
method  available  to  get  valuable  information  to  the  commander.  Additionally, 
the  message  service  would  require  the  I.HX  SCAT  to  return  to  an  area  suitable 
for  handing  or  passing  the  information  face-to-face  or  to  dispatch  a  messenger 
to  carry  the  information  to  the  receiver. 

b.  Visual  communications  include  flash  cards,  pyrotechnics 
(smoke,  flares,  lights),  and  hand  and  arm  signals.  Flash  cards  and  hand  and 
arm  signals  are  used  primarily  to  communicate  within  st  all  combat  units 
because  this  method  of  communication  is  generally  limited  to  short  distances 
and  is  dependent  upon  good  visibility.  Pyrotechnics  can  be  used  to  signal 
information  at  greater  distances  but  are.  also  dependent  on  line  of  sight  and 
visibility. 
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c.  Sound  devices  can  be  effective  over  short  distances  but 
can  easily  be  masked  by  battle  noises. 

It  is  important  that  the  LHX  SCAT  be  capable  of  employing  non¬ 
radio  communication  techniques  during  periods  of  radio  silence. 

Related  functions:  5,  6,  13-16,  18,  20—26,  31. 

Crew  sice:  Two  fcr  visual  signals;  one  for  messenger. 

Rationale:  Communicating  during  radio  silence  requires  for¬ 
matting  of  information  if  visual  signals  are  used.  Therefore,  two  people  are 
required — one  to  fly  the  aircraft  and  maintain  aircraft  security  and  one  to 
format  the  information  and  send  it  via  visual  signals. 

(8)  Function  8:  Prepare  radio  relay. 

Condition,  standard ,  and  discussion  were  classified  SECRET  in  ASH 

Cr'P  report. 


Related  functions:  5-7,  12,  13,  21-16,  28. 


Crew  size:  One. 

Rationale:  Equipment  onboard  the  aircraft  relays  information 
automatically . 

(9)  Function  9:  Navigate/orient  under  day/nigh t/reduced  visibility. 

Condition:  As  an  LHX  SCAT  during  day,  night,  and  periods  of 
varying  visibility  and  weather  conditions. 

Standard:  Navigate  to  and  from  given  locations  to  perform  tasks 
inherent  to  assigned  mission. 

Discussion:  The  Army  Aviation  Mission  Area  Analysis  (January 
1982)  addresses  current  deficiencies  and  the  need  for  effective  navigation 
during  day,  night,  and  adverse  weather.  The  threat  is  well  prepared  and 
trained  to  fight  during  periods  of  darkness  and  adverse  weather.  This  will 
require  LHX  SCATs  to  be  equipped  with  night  vision  devices,  instrumentation, 
and  precision  navigation  aids. 

Related  functions :  1-3,  18-22,  26-28. 


Crew  sice:  Two. 
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Rationale:  One  crewman  is  required  to  maintain  aircraft  attitude 
and  security.  The  other  crewman  is  required  to  read  the  map  and  maintain  the 
correct  location  of  the  aircraft  in  relation  to  the  battle. 

(10)  Function  10:  Locate  targets  using  universal  transverse  mercator 
(UTM)  coordinates. 

Condition:  As  an  LHX  SCAT  under  day/night  and  varying  visibility 
and  weather  conditions. 

Standard:  Provide  target  locations  to  within  100  meters 

accuracy . 


Discussion: 

The  standard  system  within  the  US  Army  for  reporting  the  location 
of  targets,  as  well  as  all  other  natural  or  man-made  items,  is  the  UTM  coor¬ 
dinate  system.  This  system  is  taught  to  all  US  Army  combat  soldiers  and  is 
the  common  Army  language  for  position  location.  Consequently,  if  the  LHX  SCAT 
is  to  provide  useful  information  to  other  Army  elements,  target  locations  must 
be  expressed  in  UTM  coordinates. 

The  requirement  that  targets  be  located  with  an  accuracy  of  less 
than  100  meters  i3  centered  around  the  frontline  commander's  need  for  battle¬ 
field  Information,  field  artillery  first-round  fire-for-eff ect  requirements, 
and  procedures  outlined  for  the  AH-64  firing  of  HELLFIRE  in  the  indirect  mode. 
The  Air  Force/Army  Reconnaissance  Force  Study  stipulated  that  frontline  team/ 
task  force  commanders  require,  for  the  purpose  of  execution,  target  location 
to  within  100  meters.  This  location  criterion  also  includes  the  100-meter 
bracket  requirements  for  field  artillery,  thus  allowing  first-round  fire-for- 
eff  ect  missions.  In  oruer  for  indirect  HELLFIRE  missions  to  be  undertaken  by 
the  AH-64,  precise  target  location  information  must  be  provided  the  system 
fire  control  computer  to  insure  that  the  aircraft  is  aligned  on  the  proper 
azimuth  prior  to  missile  launch. 

Related  functions:  12-14,  18,  21,  22,  26,  28,  30,  31. 


Grew  size:  Two . 

Rationale :  Same  as  function  9. 

(11)  Function  11:  Designate  targets  for  hand-off  to  other  LHX  SCAT, 
attack  helicopters,  and  tactical  air  using  laser  designator. 

Condition:  As  an  LHX  SCAT  with  a  laser  designator  during 
day/night  and  varying  visibility  ind  weather  conditions. 
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Standard:  Upon  either  detection,  recognition,  or  identification, 
provide  other  LHX  SCAIs,  attack,  helicopters,  or  close  air  support  aircraft 
with  laser  designation  and  the  necessary  information  for  target  acquisition. 

Discussion: 

Target  hand-off  via  laser  increases  target  servicing  in  a  target- 
rich  environment.  Designation  considerations  include  insuring  the  target  is 
in  the  field  of  view  of  the  receiver  and  is  within  range  of  the  engagement 
system. 


Target  hand-off  by  a  SCAT  using  a  laser  designator  significantly 
reduces  the  exposure  time  of  the  engaging  weapon  system  because  there  is  very 
little  acquisition  and  identification  time  involved.  Target  hand-off  from  a 
SCAT  to  another  SCAT  or  an  attack  helicopter  allows  for  autonomous  engagement 
of  a  specific  target  by  the  attacking  helicopter  while  freeing  the  SCAT  to 
acquire  other  lucrative  targets.  Additionally,  if  a  potential  target'3  iden¬ 
tification  is  in  doubt,  handing  off  the  targe  to  another  aircraft  in  a  better 
position  would  allow  for  positive  identification. 

The  ability  of  a  commander  to  lase  an  object  or  a  point  on  the 
ground  by  means  of  an  aerial  platform  equipped  with  a  laser  designator  and 
have  that  lased  spot  picked  up  by  an  aircraft  equipped  with  an  airborne  laser 
tracker  (ALT)  in  which  a  subordinate  commander  is  riding,  permits  rapid  coor¬ 
dination  between  commanders  over  matters  such  as  establishment  of  boundaries 
and  areas  of  responsibility. 

The  ability  of  a  SCAT  to  hand  off  targets  using  a  laser  designa¬ 
tor  increases  the  attacking  helicopter's  survivability,  facilitates  the 
employment  of  a  variety  of  Air  Force  delivered  munitions,  allows  attacking 
helicopters  to  expend  their  ordnance  from  greater  stand-off  ranges,  and 
affords  senior  commanders  the  opportunity  to  designate  specific  areas  of 
responsibility  to  subordinate  commanders. 

Related  functions:  3,  16,  25,  26,  30,  31. 

Crew  size:  Two . 

Rationale:  The  pilot  is  required  to  maintain  aircraft  attitude 
and  local  security.  The  other  crewman  is  required  to  operate  the  designation 
device. 


(12)  Function  12:  Hand  off  target  to  other  LHX  SCATs,  attack  heli¬ 
copters,  and  tactical  air  using  tactical  voice  communications. 


11 


R-I 11-15 


ATZQ-D-TF86  29  July  1983 

SUBJECT:  Tactical  Implications  of  One-Man  Versus  Two-Man  Aircrews  fcr  the 
Light  Helicopter  Family  (LHX)  (Partial  Report) 

Condition:  As  an  LHX  SCAT  equipped  with  adequate  tactical  voice 

radios. 

Standard:  Maintain  continuous  ability  to  hand  off  targets  within 
40  seconds  after  recognition  with  the  accuracy  to  allow  for  effective  target 
engagement. 

Discussion:  Target  hand-off  consists  of  an  alert,  target 
description,  target  location,  technique  of  attack,  method  of  control,  and  exe¬ 
cution.  Timely  and  accurate  target  hand-off  becomes  increasingly  important  j 

when  the  target  is  moving.  Target  hand-offs  must  be  clear,  concise,  and  in  *' \ 

the  proper  sequential  format  indicated  above.  Currently,  voice  communication 
is  the  primary  method  for  target  hand-off  during  nonelectronic  warfare 
conditions;  however,  in  the  futura,  digital  communications  will,  to  a  great 
degree,  replace  voice-communicated  target  hand-offs  to  SCAT  and  attack  heli-  j 

copters.  There  will  continue  to  be  a  requirement  to  hand  off  targets  to  tac¬ 
tical  air  and  ground  scouts  by  voice  communications  if  these  assets  are  not  I 

equipped  with  digital  communication  devices.  j 

\ 

Related  functions:  2-5,  7,  10,  16,  20A,  21,  22,  26,  30,  31.  j 

Crew  3ize;  Two .  J 

Rationale:  Same  as  function  6.  This  function  requires  formatted  ! 

information. 

(13)  Function  13:  Hand  off  target  to  other  LHX  SCATs,  attack  helicop¬ 
ters,  tactical  air  in  an  EW  environment. 

Condition:  As  an  LHX  SCAT  equipped  with  a  DMD  faced  with  enemy  f 

EU  conditions.  j 

Standard:  Maintain  continuous  ability  to  hand  off  targets  within  j 

40  seconds  after  recognition  with  the  accuracy  to  allow  for  effective  target  1 

engagement .  | 

A*  ‘  I 

Discussion:  As  noted  in  function  12,  target  hand-offs  are  j 

currently  accomplished  on  tactical  voice  radios;  however,  enemy  EW  efforts  I 

will,  at  times,  jam  these  communication  systems.  Hand  and  arm  signals  may  be  | 

used  during  periods  of  EW,  but  these  systems  have  line  of  sight  and  visibility  ] 

restrictions  which  require  the  receiver  to  be  in  close  proximity  to  the  *  1 

handing-off  system.  Digital  communications  are  very  effective  for  handing  off  | 

targets  during  periods  of  EW  because  the  entire  hand-off  is  "data  burst"  to  j 

the  receiver  in  a  fraction  of  the  time  required  for  standard  voice  communica-  | 

tions.  Digital  communications  have  other  advantages  in  that  crew  workload  is  j 
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reduced,  transcription  and  transmission  errors  are  reduced,  and  hand-offs  are 
standardized.  These  advantages  will  increase  the  probability  of  successful 
target  engagement. 

Related  functions:  2-5,  7,  10,  12,  16,  20A,  21,  22,  26,  30,  31. 

Crew  size :  Two . 

Rationale:  Same  as  function  6.  Requires  formatted  information. 

(14)  Function  14:  Hand  off  targets  to  other  LHX  SCATs  and  attack 
helicopters  during  radio  silence. 

Condition:  As  an  LHX  SCAT  without  the  use  of  radios. 

Standard:  Hand  off  targets  by  means  other  than  radio  to  attack 
helicopters  and  scouts.  Hand  off  targets  within  40  seconds  following  target 
recognition  with  the  accuracy  no  allow  for  effective  target  engagement. 

Discussion: 

The  target  hand-off  is  normally  accomplished  by  voice  or  digital 
communications  (see  functions  12  and  13);  however,  during  periods  of  radio 
silence  alternate  target  hand-off  methods  must  be  available  and  usable  by  the 
aerial  scout.  Nonradio  target  hand-off  may  include  the  following: 

— The  Send-a-message  (SAM)  system  ha3  been  adopted  by  the  US 
Army  as  part  of  a  NATO  effort  to  standardize  other  than  radio  transmissions. 
The  SAM  system  consists  of  two  sets  of  six  colored  and  numbered  flip  cards 
which  provides  a  total  of  36  combinations  of  signals/messages  that  can  be 
positioned  so  as  to  indicate  a  letter  which  in  turn  indicates  the  message; 
i.e.,  cards  3-3  indicate  the  letter  0  which  means  tanks.  The  3ame  method  is 
very  effective  within  a  small  combat  element  where  line  of  sight  is  available 
and  visibility  is  not  restricted.  The  SAM  system  may  also  be  used  at  night 
with  a  series  of  dot3  and  dashes  from  a  flashlight  to  indicate  the  numbers. 

Other  systems  have  been  developed  at  local  levels,  but  the  hand 
and  arm  system  and  the  SAM  system  are  the  primary  methods  to  hand  off  targets 
during  radio  silence. 

Related  functions:  5,  7,  13,  14,  28. 


Crew  size:  Two. 


Rationale:  Same  as  functions  6  and  7. 
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(15)  Function  15:  Receive  target  hand-off  via  laser  tracker. 

Condition:  As  an  LHX  SCAT  with  a  laser  tracker  during  day /night 
and  varying  visibility  and  weather  conditions. 

Standard:  Acquire  targets  that  are  adequately  illuminated  by 
laser  designator. 

Discussion:  The  ability  to  pass  laser-illuminated  targets  from 
one  system  to  another  allows  one  system  to  acquire  and  illuminate  a  target  and 
then  pass  this  target  to  the  SCAT'S  laser  tracker.  The  procedure  limits  the 
exposure  time  of  any  one  designator,  improves  target  acquisition  accuracy,  and 
allows  information  transfer  with  minimum  use  of  voice  communications.  All 
these  factors  serve  to  increase  a  system's  survivability  against  the  threat. 

Related  function:  26. 


Crew  size:  Two. 

Rationale:  Full  attention  of  one  crewman  is  required  to  accept 
and  continue  tracking  the  target  while  the  other  crewman  flies  the  aircraft. 
(This  function  is  equipment-dependent;  however,  it  is  likely  that  either  a 
laser  tracker  or  some  similar  means  will  be  provided  for  target  hand-off.) 

(16)  Function  16:  Designate  targets  for  engagement  by  precision- 
guided  munitions. 

Condition:  As  an  LHX  SCAT  with  a  precision  laser  designator 
during  day/night  and  varying  visibility  and  weather  conditions. 

Standard: 

a.  Provide  adequate  laser  energy  on  target  for  employment  of 
Army,  Air  Force,  and  Navy  precision-guided  munitions. 

b.  Ninety  percent  of  the  laser  energy  must  remain  on  a  stan¬ 
dard  tank-size  target  (7.5  X  7.5  feet  or  2.3  X  2.3  meters)  95  percent  of  the 
time. 


Discussion:  This  system  will  designate  selected  stationary/ 
moving  targets  with  laser  illumination  having  sufficient  energy  and  accuracy 
to  achieve  a  high  probability  of  a  first-round  hit  by  a  missile/munition  with 
a  terminal  homing  laser  seeker. 

Related  functions:  11,  25,  26. 


Crew  size:  Two . 

Rationale:  Same  as  function  11. 
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(17)  Function  17:  Detect  threat  laser. 

Condition:  As  an  LHX  SCAT  equipped  with  a  laser  detection  device 
during  day/night  and  varying  visibility  and  weather  conditions. 

Standard :  Detect  threat  laser  systems  that  illuminate  friendly 

targets . 


Discussion:  Several  modern  Soviet  weapons  include  laser  range 
finders  and  laser  target  designators  in  their  fire  control  systems.  Both  the 
T-72  and  T-62  main  battle  tanks  have  laser  range  finders.  Also,  as  outlined 
in  open  literature,  the  HIND  attack  helicopter,  as  well  as  the  newer  tactical 
fighters  (MiG-27,  SU-19),  incorporates  both  laser  range  finders  and/or  target 
designators.  These  aircraft  can  be  employed  in  the  air-to-air  or  air-to- 
surface  role.  These  laser  systems  can  provide  increased  first-shot  accuracy 
and  precise  terminal  guidance  for  guided  weapons.  To  counter  this  threat,  the 
LHX  SCAT  must  be  able  to  detect  threat  laser  energy  in  order  to  acquire  the 
threat  system  that  is  illuminating  it.  Once  the  threat  is  acquired,  the  LHX 
SCAT,  as  a  battle  manager,  can  report  the  threat  system  or  engage  it.  Laser 
energy  detectors  also  serve  in  the  secondary  role  of  increasing  LHX  SCAT 
survivability.  This  warning  must  be  accurate  enough  to  allow  proper  evasive 
action.  Evasive  action  has  been  proved  effective  against  both  tactical 
fighters  and  attack  helicopters.  'n~ile  these  tactics  have  been  tested  by 
helicopter  units,  they  also  apply  to  any  airborne  vehicle  of  like  performance. 
The  key  factor  in  reaction  to  an  airborne  threat  is  a  proper  initial  maneuver 
to  counter  the  attack. 

Related  functions:  1-3,  10,  18,  20-22,  26. 


Crew  size:  One . 

Rationale:  Pilot  flies  the  aircraft  and  is  visually  cued.  Only 
a  cross  reference  to  the  instrument  panel  is  required. 

(18)  Function  18:  Select  battle  positions  for  other  LHX  SCATs  or 
attack  helicopters. 

Condition:  As  an  LHX  SCAT  during  day/night  and  varying  visibil¬ 
ity  and  weather  conditions. 

Standard :  Assess  and  select  potential  battle  positions  which 
provide  adequate — 


a.  Cover  and  concealment. 

b.  Fields  of  fire  at  near  maximum  range. 
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c.  Freedom  from  dust  and  debris. 

d.  Size. 

Discussion:  Attack  positions,  by  doctrine,  should  provide  suf¬ 
ficient  concealment  to  allow  the  attack  helicopter  to  avoid  visual  or  radar 
detection.  Cover  must  be  available  in  the  form  of  vegetation,  terrain,  or 
man-made  objects.  The  fields  of  fire  must  allow  for  line  of  sight  from  the 
LHX  SCAT  or  attack  helicopter  to  the  target  without  excessive  unmasking. 

Battle  positions  must  be  near  onboard  weapon  maximum  range  so  that  short-range 
enemy  air  defense  weapons  can  be  avoided.  Areas  which  would  produce  an 
excessive  dust  signature  must  be  avoided  to  insure  that  surprise  is  achieved. 
The  size  of  battle  positions  will  vary  with  the  mission  and  number  of  LHX 
SCAT/attack  helicopters  using  the  battle  position.  The  area  must  be  large 
enough  to  allow  the  LHX  SCAT/attack  helicopter  sufficient  room  to  maneuver. 

Related  functions:  9,  19-21,  26. 


Crew  sl2e:  Two. 

Rationale:  One  crewmember  is  required  to  fly  and  maintain  local 
security  of  the  aircraft.  The  other  crewman  records  the  information,  does  the 
detailed  reconnaissance,  and  records  and  transmits  the  Information  to  the 
attack  aircraft. 

(19)  Function  19:  Select  ingress/egress  routes. 

Condition:  As  an  LHX  SCAT  during  day /night  and  varying  visibil¬ 
ity  and  weather  conditions. 

Standard:  Select  ingress/egress  routes  that  provide  maximum 
masking  and/or  stand-off  for  the  attack  helicopter. 

Discussion:  Attack  helicopters  are  required  to  destroy  and 
disrupt  enemy  mechanized  forces.  They  must  move  about  the  battlefield  in  the 
shortest  amount  of  time  and  with  as  much  survivability  as  possible.  The  LHX 
SCAT  selects  ingress/egress  routes  to  battle  and  firing  positions  while  the 
attack  aircraft  are  engaging  the  enemy.  LHX  SCATs  can  provide  security  and  at 
the  same  time  reconnoiter  routes  to  the  next  firing  position.  The  LHX  SCAT 
can  transfer  this  information  to  the  attack  aircraft  by  a  variey  of  means,  but 
the  data  must  be  relayed  to  the  attack  helicopters  before  it  becomes  usable 
input.  Combined  with  the  task  of  selecting  ingress/egress  routes  are  the 
tasks  of  detection  of  hostile  elements  and  the  selection  of  tentative  battle 
and  firing  positions.  Team  leaders  and  higher  commanders  are  better  able  to 
orchestrate  the  battle  and  mass  against  the  critical  sector  when  routes  of 
movement  are  preselected  and  secured  for  the  repositioning  of  attack  heli¬ 
copter  assets. 
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Related  functions:  9,  10,  20A,  20B,  21,  23,  26,  28. 


Crew  size:  Two. 

Rationale:  Same  as  function  18. 

(20)  Function  20:  Provide  local  security  for  other  LHX  SCATs,  attack 
helicopters,  and  scouts. 

Condition:  As  an  LHX  SCAT  during  day/night  and  varying  visibil¬ 
ity  and  weather  conditions  with  the  aid  of  sensors e 

Standard: 

a.  Detect,  recognize,  and  identify  the  threat. 

b.  Engage  target  or  notify  other  armed  helicopters. 

Discussion:  The  primary  threat  to  which  the  LHX  SCAT  will  be 
regularly  exposed  because  of  its  forward  position  on  the  battlefield  is  the 
SA-7  infrared  (IR)  guided  missile  and  the  ZSU-23-4  optical  and  radar-directed 
gun  systems.  In  addition,  most  threat  tanks  mount  a  12.7mm  with  an  air 
defense  capability.  Sufficient  numbers  of  these  systems  have  been  captured 
and  exploited  to  essentially  eliminate  conjecture  as  to  their  capabilities. 

The  LHX  SCAT  must  be  able  to  detect,  recognize,  identify,  and  either  suppress 
or  warn  other  team  helicopters  to  seek  cover  and  stand-off. 

Related  functions:  1-5,  7,  12-14,  17,  20A,  20B,  21,  22,  26. 

Crew  size:  Two . 

Rationale:  Same  as  functions  1,  2,  and  3. 

(21)  Function  20A:  Engage  threat  aircraft. 

Condition:  As  an  LHX  SCAT  armed  with  a  lightweight  air  defense 
missile  during  day/night  and  varying  visibility  and  weather  conditions. 

Standard:  Engage  threat  aircraft  with  an  air  defense  missile. 

Discussion:  Large  scale  production  of  heavily  armed  Soviet 
helicopters  will  continue  into  1985,  and  numerical  superiority  to  US  attack 
helicopters  will  be  reached  soon.  Intelligence  information  indicates  Soviet 
Hind  crews  training  in  mock  air-to-air  intercept  and  engagement  of  enemy  heli¬ 
copters.  Procurement  of  ground  air  defense  systems  appears  to  be  less  than 
the  density  required  to  suppress  the  Hind.  High  performance  aircraft  which 
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could  suppress  the  Hind  will  be  in  high  demand  and  have  low  availability  to 
support  ground  operations.  They  will  be  able  to  gain  air  superiority  for 
short  periods  of  time  over  a  small  area  and  will  be  highly  vulnerable  to  the 
threat  air  defense.  High  performance  aircraft  are  also  restricted  in  marginal 
weather  when  ceilings  and  visibilities  are  reduced.  J-CATCH,  a  joint  exercise 
with  the  objective  of  countering  the  Hind  (reference  5),  suggests  the  use  of  a 
lightweight  air-to-air  missile  as  an  attractive  option  for  the  SCAT  aircraft, 
which  will  extend  the  ground  commander's  counter-air  capability. 

Related  functions:  1-3,  20,  23,  and  30. 


Crew  size:  Two. 

Rationale:  One  crewman  is  required  to  fly  the  aircraft  and 
maneuver  it  into  a  firing  position.  The  other  crewman  maintains  local 
security  of  aircraft  and  watches  the  area  to  the  rear  of  the  aircraft 
(b  o'clock.). 

(22)  Function  20B:  Perform  suppression  of  enemy  air  defense. 

Condition:  As  an  LHX  SCAT  during  day/night  equipped  with 
onboard  missiles  working  in  conjunction  with  attack  helicopters  or  other  Army 
air /ground  assets  during  varying  visibility  and  weather  conditions. 

Standard:  Upon  either  recognition  or  identification  of  enemy 
air  defense  systems,  immediately  engage. 

Discussion:  Aerial  firepower  support  systems  are  expected  to 
face  a  massive  array  of  air  defense  weapons  in  Europe.  Overlapping  coverage 
will  be  provided  by  the  ZSU-23-4  antiaircraft  guns  and  by  SA-6,  SA-7,  SA-8, 
and  SA-9  surface-to-air  missiles  clustered  within  divisional  or  regimental 
size  units.  With  the  large  numbers  of  ADA  weapons  employed  by  the  Warsaw 
Pact,  the  chances  are  that  the  SCAT  working  in  conjunction  with  attack  heli¬ 
copters  or  ground  forces  will  come  "face-to-face"  with  some  ADA  weapons  and 
because  of  the  circumstances,  have  to  employ  organic  AD  weapons  in  order  to 
survive. 


Related  functions:  20A,  26,  and  30. 


Crew  size:  Two . 

Rationale :  One  crewmember  is  required  to  fly  and  operate  offen¬ 
sive  weapons  and  the  other  crewman  to  perform  security  of  aircraft  and,  as 
needed,  operate  self-defense  weapons. 
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(23)  Function  21:  Perform  reconnaissance. 

(a)  Subfunctions : 

1.  Subfunctlou:  Perform  zone  reconnaissance. 

Condition:  As  an  LHX  SCAT  during  day/night  and  under  varying 
visibility  and  weather  conditions. 

Standard:  Successfully  accomplish  a  detailed  reconnaissance  of 
all  natural  and  manmade  features  within  specified  boundaries  3tated  in  opera¬ 
tions  orders.  Reconnoiter  all  routes  and  terrain  within  the  boundaries  and  if 
enemy  contact  is  gained,  develop  the  situation  through  reporting,  maintaining 
observation,  and,  as  required,  fire  and  maneuver.  Report  all  information 
rapidly  and  accurately  to  insure  that  the  commander  obtains  the  information  '■« 
with  timeliness  of  5  minutes  or  less,  accuracy  of  sightings  to  100  meters  or 
less,  and  identification  of  type  of  threat  vehicles  sighted. 

2.  Subfunction:  Perform  area  reconnaissance. 

Condition:  As  an  LHX  SCAT  during  day/night  and  under  varying 
visibility  and  weather  conditions. 

Standard:  Successfully  accomplish  a  detailed  reconnaissance  of  an 
a-ea  specified  in  an  operations  order  by  a  boundary  line  completely  enclosing 
the  area,  i.e.,  a  town,  ridge  line,  woods,  or  controlling  terrain.  Emphasis 
should  be  placed  on  moving  to  the  area  rapidly.  Enemy  troops  should  be 
bypassed  and  reported.  As  in  the  zone  reconnaissance,  Che  area  must  be 
thoroughly  reconnoitered.  If  enemy  contact  is  gained,  develop  the  situation 
through  reporting,  maintaining  observation,  and,  if  required,  fire  and 
maneuver.  Report  all  information  rapidly  and  accurately  to  insure  that  the 
commander  to  whom  responsible  obtains  the  information  with  timeliness  of 
5  minutes  or  less,  accuracy  of  sightings  to  LOO  meters  or  less,  and  iden¬ 
tification  of  type  threat  vehicles  sighted. 

3_.  Subfunction:  Perform  route  reconnaissance. 

Condition:  As  an  LHX  SCAT  during  day/night  and  under  varying 
visibility  and  weather  conditions. 

Standard:  Successfully  accomplish  reconnaissance  of  a  route  as 
specified  in  the  operations  order  to  obtain  detailed  information  of  the  route 
and  all  adjacent  terrain  from  which  the  enemy  could  influence  movement  out  to 
the  range  of  direct  fire  weapons  along  the  route.  Orient  the  reconnaissance 
effort  on  a  road,  on  an  axis,  or  on  a  general  direction  of  advance,  whichever 
is  indicated  in  the  operations  orders.  Reconnoiter  all  dominating  terrain 
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features  that  could  conceal  enemy  forces  and  terminate  mission  at  the  objec¬ 
tive  as  indicated  on  operations  order  overlay.  Determine  and  report  class  of 
bridges,  location  of  roads  and  bypasses,  clearance  of  overhead  crossovers, 
width  of  slopes,  composition  of  roadway,  and  depth  of  streams.  Report  all 
information  rapidly  and  acurately  and  ensure  that  enemy  information  is 
reported  so  as  to  reach  the  commander  to  which  responsible  with  timeliness  of 
5  minutes  or  less,  accuracy  of  sightings  to  100  meters  or  less,  and  resolution 
of  recognition  of  type  threat  vehicle  sighted. 

(b)  Discussion:  Successful  reconnaissance  is  mandatory  on  the 
airland  battlefield.  The  continuous  need  for  information  increases  with 
threat  proximity  to  friendly  positions  and  must  be  timely  and  accurate. 
According  to  recent  studies,  information  for  execution  against  the  enemy  with 
the  regimental  area  of  influence  muse  be  available  to  the  front  line  commander 
within  5  minutes  or  less  and  must  locate  and  recognize  type  threat  vehicles  to 
100  meters  or  less.  Battlefield  management  information  on  mobile  targets  is 
worth  little  if  response  time  to  the  user  is  greater  than  30  minutes. 

Related  functions:  Other  functions  related  closely  to  cr  a  part 
of  zone,  area,  and  route  reconnaissance — all. 

Grew  size:  Two . 

Rationale:  Same  as  functions  1,  2,  and  3. 

(24)  Function  22:  Perform  security  operations. 

(a)  Subfunctions : 

_L .  Subfunction:  Perform  screen  mission. 

Condition:  As  an  LHX  SCAT  during  day/night  and  under  varying 
visibility  and  weather  conditions. 

Standard:  Sucessfully  accomplish  requirements  of  the  screen 

mission  in  conjunction  with  other  elements  of  the  screening  force.  Provide 
early  warning  of  enemy  approach  by  immediate  reporting,  gain  and  maintain 
enemy  contact,  assist  in  the  destruction  and  repelling  of  enemy  reconnaissance 
units,  impede  and  harass  the  enemy  by  the  adjustment  of  long  range  fires. 
Establish  the  initial  screen  line  and  withdraw  to  subsequent  screen  lines 
rapidly  to  ensure  that  gaps  which  may  occur  during  withdrawal  are  quickly 
closed.  If  the  operations  order  stipulates  screening  for  a  moving  force, 
screen  to  the  front,  rear,  or  flank  as  directed  by  using  the  same  general 
techniques  and  control  measures  as  for  the  zone  reconnaissance.  However,  the 
requirement  for  detailed  information  is  less  stringent  than  for  the  zone 
reconnaissance.  As  is  true  with  reconnaissance  missions,  the  screen  also 
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requires  that  information  concerning  the  enemy  must  be  reported  so  as  to  reach 
the  commander  to  whom  assigned  or  attached  with  timeliness  of  5  minutes  or 
less,  accuracy  of  sightings  to  100  meters  or  less,  and  identification  of  type 
threat  vehicles  sighted. 

2.  Subfunction:  Perform  guard  mission. 

Condition:  As  an  LHX  SCAT  during  day/night  <tnd  under  varying 
visibility  and  weather  conditions. 

Standard:  Successfully  accomplish  requirements  of  the  guard 
mission  in  conjunction  with  other  elements  of  the  guarding  force,  both  air  and 
ground.  Provide  early  warning  of  enemy  by  immediate  reporting,  assist  in 
developing  the  situation  by  gaining  and  maintaining  contact,  adjustment  of 
fires,  reconnoitering,  and  fire  and  maneuver,  if  required.  Assist  in  pro¬ 
tecting  the  main  boay  from  observation  and  provide  maneuver  room  for  the  main 
body  by  reporting,  adjusting  direct  and  indirect  fires,  and  maintaining  con¬ 
tact  with  the  enemy.  Perform  reconnaissance,  screen,  and  be  prepared  to  take 
part  in  an  attack,  or  defense  with  other  air  and  ground  elements  of  the  guard 
force  as  the  situation  develons.  If  required  to  participate  in  the  defense, 
provide  the  main  body  reaction  time  by  immediate  and  accurate  reporting,  sub¬ 
ject  enemy  to  coatinuous  attrition  by  autonomous  fire  and  directing  fires, 
destroy  enemy  reconnaissance,  advance  guard,  and  main  force  elements  by 
directing  artillery,  tact  cal  air,  attack  helicopter,  and  all  other  direct  and 
indirect  fire  elements  available. 

_3.  Subfunction:  Perform  cover  mission. 

Condition:  As  an  LHX  SCAT  during  day/ night  and.  under  varying 
visibility  and  weather  conditions. 

Standard:  Successfully  accomplish  requirements  of  the  cover 
mission  in  conjunction  with  other  air  and  ground  elements  of  the  cover  force. 
Standards  listed  above  for  the  guard  apply  equally  to  the  cover;  however,  the 
difference  between  the  guard  mission  and  that  of  cover  Is  the  scope  of  opera¬ 
tions  and  the  distance  from  the  rain  body.  The  cover  mission  implies  a  tac¬ 
tically  self-contained  security  force  which  operates  at  a  considerable 
distance  to  the  front,  flank,  or  rear  of  a  moving  or  stationary  friendly  force 
as  stipulated  in  the  operations  order.  The  covering  force  must  be  prepared  to 
develop  the  situation  earlier,  fight  longer,  and  defeat  larger  enemy  forces 
than  the  guard  force.  Reconnaissance  is  also  a  large  part  of  the  SCAT  role  In 
the  cover  and  as  such,  the  standards  presented  above  for  zone,  area,  and  route 
reconnaissance  apply  here  as  well.  As  a  member  of  the  covering  force  the 
SCAT  must  be  prepared  to  screen,  guard,  reconnoiter,  attack,  defend  and,  in 
veneral,  fight  as  necessary  by  directing  direct  and  indirect  fires  for  mission 
success.  As  with  the  guard  mission,  reporting  must  be  timely,  accurate,  anc 
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ideutify  threat  vehicle  type.  This  is  particularly  important  in  the  case 
where  the  covering  force  is  unable  to  defeat  the  enemy,  and  the  covered  force 
must  react  to  the  threat. 

(b)  Discussion:  Security  missions  are  considered  valid  and  necessary 
in  Air  Land  Battle  2000.  There  is  a  need  for  the  conduct  of  the  screen  and 
guard  missions  in  any  future  conflict.  Studies  have  been  shown  that  forces 
with  both  air  and  ground  elements  are  more  effective  in  the  screen  and  the 
guard  chan  ground  elements  alone. 

Related  functions:  All. 


Crew  size:  Twc • 

Rationale :  Same  as  functions  L,  2,  3,  3C,  and  21. 

(25)  Functicn  23:  Call  for/adjust  tac  air. 

Condition:  As  an  LHX  SCAT  without  a  USAF  tAC  available  during 
day/night  and  under  varying  visibility  and  weather  conditions. 

Standard :  Request  close  air  support  using  a  standard  request 
through  the  supported  unit  fire  support  coordinator  iFSCOORJ)).  Establish 
raaio  contact  wi_h  the  strike  aircraft  and  brief  pilots  on  the  target  type  and 
location  (within  100  meters)  as  well  as  friendly  positions  ana  threac . 

Provide  the  fighters  an  initial  point  (IP)  in  UTM  or  latitude./ longitude  for 
rendezvous,  a  magnetic  attack  heading  to  the  target,  and  a  time  from  IP  to 
target.  For  aircraft  carrying  laser  guided  weapons  without  designators,  the 
LHX  SCAT  must  provide  laser  illumination  of  the  target.  After  the  air  strike, 
estimate  and  report  the  bomb  darage  assessment  (BDA)  to  the  departing 
fighters . 

Discussion •.  The  tactical  fighter  is  a  flexible  weapon  system 
which  can  quickly  dcrtroy  hard  targets  like  tanks  as  well  as  cover  large  areas 
with  letha.'  firepower.  Tactical  air  strikes  are  usually  controlled  by  a  USAF 
forward  air  controller  (FAC),  wno  may  be  airborne  or  on  the  ground.  As  shown 
in  the  1978  TAC/TRaDOC  Joint  Air  Attack  Team  Tactics  Test  (reference  6),  the 
SCAT  must  be  able  to  aid  the  FAC  and  fighters  in  target  acquisition.  In  an 
emergency  (no  FAC  available),  the  SCAT  must  initiate  the  close  air  support 
request  through  the  supported  unit's  FSC00RD  as  well  as  guide  the  fighters  to 
the  target.  The  cighter  flight  lead  determines  tactics;  the  FAC/SCAT  assigns 
targets  and  assures  the  safety  of  friendly  units.  Therefore,  target  location 
to  within  100  meters  is  mandatory.  Additionally,  the  FAC/SCAT  must  be  able  to 
express  these  locations  in  UTM  and/or  latitude  and  longitude  because  fighter 
aircraft  have  inertial  navigation  equipment  and  only  occasionally  carry  UTM 
grid  maos.  The  capability  to  adjust  air  strikes  allows  engagement  of  targets 
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of  opportunity  after  the  attack  begins.  Strike  aircraft  may  carry  precision- 
guided  muni  :ions  without  a  laser  designator.  Additionally,  some  fighers  carry 
laser  rece  .vers  that  display  illuminated  targets  on  the  pilot's  sight.  Both 
of  these  situations  require  target  illumination  by  other  sources  such  as  a 
FAC/SCAT  to  employ  the  fighters  property.  Finally,  a  EDA  report  updates  the 
target  Information  required  by  battle  managers  as  addressed  in  the  recon¬ 
naissance  study. 

Related  functions:  1-5,  7,  20B,  21,  22,  26,  and  28. 


Crewsize:  Two. 

Rationale:  Sane  as  function  12. 

(26)  Function  24 :  Call  for/adjust  conventional  indirect  fire. 

Condition:  As  a-  L11X  SCAT  during  day/night  and  under  varying 
visibility  and  weather,  subject  to  electronic  warfare  (EW)  and  non-EW  environ¬ 
ments  . 


Standard :  Successfully  gain  and  maintain  communications  with 
supporting  artillery,  request  fires,  adjust  artillery  rounds,  and  conduct 
battle  damage  assessment. 

Discussion: 


The  requesting  and  adjusting  of  conventional  artillery  fires  is  a 
key  task  performed  by  the  LHX  SCAT-  The  SCAT  in  the  field  artillery  aerial 
observer  role  focuses  on  the  utilization  of  Doth  indirect  and  precision-guided 
field  artillery  munitions.  Tests  and  studies  to  date  indicate  that  the  SCAT, 
in  tha  attack  team  leader  role,  may  devote  up  to  60  percent  of  the  tine  spent 
in  the  mission  area  to  the  management  of  indirect  artillery  fires. 

SCAT  wargames  have  shown  that  the  missions  assigned  the  SCAT 
frequently  place  him  in  the  position  of  being  the  first  element  to  acquire 
enemy  targets.  Consequently,  the  adjustment . of  long  range  indirect  fire3 
designed  to  harass,  impede,  and  destroy  enemy  reconnaissance,  advance  guard, 
and  main  body  targets  become  a  primary  responsibility  of  the  SCAT. 

Related  functions:  4,  3,  7,  1C,  20,  20B,  21,  22,  and  26. 


Crew  size:  Two . 

Rationale:  Same  as  function  12. 

(27)  Function  25:  Call  for/employ  precision-guided  munitions  (PCM). 
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Condition:  As  an  LHa  SCAT  equipped  during  day /night  and  under 
varying  visibility  and  weather  conditions. 

Standards: 

a.  Successfully  gain  and  maintain  communications  with  sup¬ 
porting  artillery,  if  other  than  autonomous  fire  is  required. 

b.  Request  fires,  if  other  than  autonomous  fire  is  required. 

c.  Engage  the  target,  if  autonomous. 

1.  Conduct  battle  damage  assessment. 

Discussion: 

Bcsed  on  a  variety  uf  parameters,  it  may  be  determined  that  a 
specific  targec  or  target  array  can  best  be  engaged  with  PGMs.  When  it  has 
been  determined  chat  FGM  ia  best  suited  for  the  target,  coordination  must  be 
effected  with  the  delivery  system  to  ensure  target  destruction. 

The  following  factors  should  be  considered  when  determining  if 
PGM  (other  than  autonomous)  should  be  employed: 

a.  Nature  of  target.  Is  it  a  lucrative  target?  Will  It  cause 
a  choke  point  and  slow  the  enemy  advance?  Is  it  a  point  or  area  target?  Will 
added  benefits  be  gained  through  surprise? 

b.  Location.  Is  the  target  within  laser  designation  range  for 
point  target  or  area  target?  Can  Che  elements  of  the  employment  algorithm  be 
satisfied? 


c.  Iatervisibility.  Will  smoke  or  battlefield  obscuration 
interfere  with  Laser  aesignation? 

«1.  Ceiling.  Is  the  ceiling  high  enough  to  permit  seeker  lock- 
on  and  target  engagement  for  nonautonomously  delivered  ordnance? 

Related  functions:  1-5,  /,  16,  21,  22,  26,  and  30. 

Crew  3lze:  Two . 

Rationale:  Same  as  function  12. 
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(28)  Function  2b:  Operate  in  an  JT  C  environment. 

Condition:  As  an  LHX  SCAT  during  day/night  and  under  varying 
visibility  and  weather  conditions  on  an  NBC  nattier ield. 

Standard :  The  SCAT  must  successfully  accomplish  all  assigned 
casks.  Operators  must  be  able  to  recognize  existing  NBC  hazards,  use  protec¬ 
tive  equipment,  and  be  able  to  decontaminate  the  vehicle  and  all  personnel. 
Additionally,  the  vehicle  must  be  able  to  survive  in  a  nuclear  environment  cf 
blast,  over  pressure,  and  thermal  radiation  using  operator  protection  devices 
and  normal  sheltering.  All  vehicle  maintenance  and  servicing  tasks  must  be 
performed  by  protectively  clothed  personnel. 

Discussion:  The  vulnerability  Army  aviation  to  NBC  agents 
has  never  'been  fully  assessed  even  though  the  Soviet  military  is  equipped  and 
prepared  psychologically  for  chemical  warfare.  Additionally,  threat  studies 
have  indicated  that  nuclear  weapons,  if  employed,  will  become  their  primary 
means  of  destroying  US  and  allied  forces.  US  Aimy  aviation  asseC3  will  be  a 
primary  target  for  all  NBC  operations  because  they  pose  a  real  threat  to  the 
main  Soviet  battle  weapon-— the  tank..  The  SCAT  system  will  face  operations  in 
a  chemical  environment  of  nerve,  blood,  and  blister  agents.  In  addition, 
friendly  as  well  as  hostile  forces  may  be  employing  nuclear  weapons. 

Therefore,  the  effects  of  blast  and  thermal  energy  roust  be  considered.  The 
most  important  requirement  is  preventing  the  loss  of  systems  capability  due  to 
incapacitated  operators.  Shielding,  protective  clothing,  masks,  and  early 
warning  of  NBC  hazards  must  be  provided. 

Related  functions:  All. 


Crew  sice:  Two . 

Rationale :  Task  relates  to  all  other  tasks;  therefore,  since 
most  of  the  others  require  two  crewmen,  this  one  requires  two  crewmen. 

(29)  Function  27:  Detect  and  identify  contaminated  areas. 

Condition:  As  an  LHX  SCAT  with  onboard  sensors  and  NBC 
recording  equipment  during  day/night  ar.d  under  varying  visibility  and  weather 
conditions,  detect  and  identify  NBC  contaminated  areas  and  conduct  an  aerial 
radiological  survey  aa  briefed  by  a  divisional  chemical  officer. 

Standard:  Provide  the  divisional  chemical  officer  the  location 

and  type  of  contamination  and  perform  either  a  minimum  time-simplified  aerial 
survey  or  a  detailed  aerial  survey.  The  minimum  time  survey  will  determine 
the  outer  limits  of  a  militarily  significant  contamination  area  (2  rad/hour 
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dose  1  hour  after  burst).  The  detailed  survey  will  use  course  legs,  routes, 
and  point  samples  to  provide  sufficient  ground  do9e  rates  to  evaluate  the  con¬ 
tamination  area. 

Discussion: 

The  ability  of  the  Soviet  army  to  sustain  NBC  operations  is 
unsurpassed.  On  the  airland  battlefield,  friendly  as  well  as  hostile  forces 
may  be  employing  NBC  agents  that  affect  Army  operations*  It  is  mandatory  that 
the  commander  have  early  warning  of,  and  information  about,  the  size  of  NBC 
affected  areas.  Detection  and  identification  of  the  contaminated  area  are 
paramount  to  the  commander's  information  needs.  He  must  use  this  information 
to  alter  his  plans.  He  may  elect  to  protect  his  personnel  and  continue  with 
his  current  plans.  If  chat  is  the  case,  he  must  have  more  detailed  infor¬ 
mation  about  Che  contaminated  area.  Therefore,  a  survey  of  3ome  type  is 
called  for. 


Two  types  of  surveys  are  outlined—simplif ied  and  detailed.  A 
simplified  radiological  survey  shows  the  general  limits  of  nuclear  con¬ 
tamination  in  the  least  possible  time.  Also,  it  applies  to  areas  where  only 
limited  information  is  available,  such  as  enemy-controlled  areas.  The 
detailed  survey  is  not  time  limited.  It  shows  actual  dose  level  contours  and 
may  include  actual  dose  calculations  for  critical  routes,  points,  and  crossing 
areas . 


Both  tasks  should  be  done  by  aerial  means  to  insure  timeliness 
of  survey;  minimum  exposure  for  vehicles  and/or  personnel;  and  conservation  of 
assets  such  as  equipment,  personnel,  and  communications  time- 

ihe  simplified  aerial  survey  is  a  flexible,  quick  reaction  look 
at  a  militarily  significant  area.  It  has  the  advantage  of  providing  info— 
mation  over  a  wide  area  and  point  ground  data.  The  SCAT  must  be  capable  of 
slow  speeds  to  adequately  cover  the  area  and  of  stopping  for  the  purpose  of 
taking  point  samples. 

The  detailed  area  survey  is  an  in  depth  analysis  of  an  objective 
area.  It  is  performed  in  response  to  a  map  study  requesting  analysis  of  spe¬ 
cific  routes,  areas,  and  points.  The  SCAT  must  be  able  to  fly  predetermined 
course  legs  to  take  dose  rates  at  equidistant  points.  It  must  also  be  capable 
of  taking  point-ground  readings  to  correlate  with  airborne  readings.  Recorded 
information  will  be  forwarded  to  the  requesting  command  level  by  the  most 
direct  communication  means,  in  the  current  reporting  format. 

Related  functions:  4-7,  21,  and  26. 


Crew  size:  Two. 
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Rationale:  The  pilot  i3  required  to  fly  and  maintain  heading 
and  altitude.  The  other  crewman  is  required  to  operate  the  sensor  equipment. 

(30)  Function  28:  Assist  in  search  and  rescue  (SAR)  missions. 

Condition:  As  en  LHX  SCAT  during  day/night  and  under  varying 
visibility  and  weather  conditions. 

Standard:  Locate  a  survivor  within  100  meters  and  communicate 
his  position  to  other  search  systems.  Act  as  the  on-scene  commander  or  pro¬ 
vide  any  required  fire  support,  personnel  recovery,  or  search  capability  as 
directed  by  the  SAR  force  commander. 

Discussion:  The  need  to  recover  lost  personnel  or  downed 
aviators  is  a  proven  fact.  Of  the  flyers  downed  over  North  Vietnam  and  Laos 
that  ware  able  to  contact  SAR  forces,  80  percent  were  recovered.  This 
recovery  record  wa3  even  better  in  the  lower  threat  environment  of  South 
Vietnam.  Because  threat  conditions,  terrain,  and  weather  vary,  tactics  and 
systems  involved  in  a  SAR  effort  may  differ  radically.  A  SAR  mission  may  be  a 
full-scale  raid  such  as  Son  Tay  or  the  quick,  recovery  of  a  downed  wingman. 

The  basic  concepts  are  standard.  A  mission  into  a  high  threat  area  requires  a 
recovery  vehicle,  an  on-scene  commander,  and  search/ fire  support  systems.  The 
on-scene  commander  provides  battle  or  recovery  management  for  the  force. 
Weapons  on  the  SCAT  can  serve  as  the  fire  support  system.  The  SCAT's  basic 
mission  is  not  changed  by  the  requirement  to  search  a  given  area  for  a  sur¬ 
vivor.  Finally,  the  recovery  vehicle  mission  can  be  accomplished  by  any  plat¬ 
form  with  a  landing,  hoist,  or  hover  capability  combined  with  the  power  to 
carry  additional  weight.  The  capability  to  perform  any  or  all  of  these  SAR 
requirements  is  a  valuable  spin-off  of  ocher  tasks. 

Related  functions:  4,  5,  7,  21,  26,  and  30. 

Crew  size:  Two . 

Rationale:  Same  requirements  as  function  21. 

(31)  Function  29:  Detect  threat  radar. 

Condition:  As  an  LHX  SCAT  equipped  with  a  radar  detection 
device  during  day/night  and  under  varying  visibility  and  weather  conditions. 

Standard :  Detect,  in  azimuth  and  range,  threat  radar  with 
accuracy  and  determine  the  type  of  radar-controlled  system  detected. 

Discussion:  The  threat  radar  systems  on  the  airland  battlefield 
will  be  numerous  and  range  from  information-gathering,  early  warning  systems 
to  complex  fire  and  aircraft  control  equipment.  Radar  system  detection  is  a 


27 


R-III-31 


ATZQ-D-TF86  29  July  1983 

SUBJECT:  Tactical  Implications  of  One-Man  Versus  Two-Man  Aircrews  for  the 
Light  Helicopter  Family  (LHX)  (Partial  Report) 

twofold  requirement.  There  is  a  growing  need  to  locate  threat  radar  for  front 
line  commanders.  The  other  function  ot  a  radar  system's  detector  la  warning 
of  engagement  by  radar-controlled  weapons,  both  air  and  ground.  Thia  require¬ 
ment  will  increase  system  survivability.  The  SCAT  operator  is  warned  of  the 
threat's  attack  direction  by  onboard  sensors.  Once  detected  in  direction,  the 
SCAT  can  initiate  evasive  action  or  engage  the  threat  with  organic  weapons. 

The  requirement  to  determine  the  type  of  radar  system  detected  provides  more 
detailed  Information  for  the  battle  management  role.  Also,  radar  detection 
ranges  are  greater  than  engagement  ranges  of  threat  weapons.  Therefore, 
Knowing  the  type  of  chreat  system  will  help  the  SCAT  operator  to  take  the  best 
evasive  or  engagement  action. 

Related  functions:  1-3,  19-22,  and  26. 

Crew  size:  One . 

Rationale :  Same  as  function  17 . 

(32)  Function  30:  Engage  targets. 

Condition:  As  an  LHX  SCAT  armed  with  lightweight  missiles 
during  day/night  and  varying  visibility  and  weather  conditions. 

Standard:  After  target  detection  and  recognition,  unmask  and 
successfully  track  the  target.  Orient  the  aircraft  to  within  missile  para¬ 
meters  and  launch  the  missile.  For  command-guided  munitions,  the  aircraft 
must  remain  partially  unmasked  until  missile  impact.  For  fire  and  forget 
munitions,  remask  the  aircraft  and  continue  the  mission. 

Discussion:  There  is  a  variety  of  attack  means  available  to  the 
SCAT  that  will  destroy  a  target.  Depending  upon  the  response  time  and  avail¬ 
ability,  artillery  and  tac  air  are  two  means  available.  Hand-over  to  another 
direct  fire  system  is  also  an  option.  However,  sometimes  it  is  desirable  for 
the  SCAT  to  engage  a  target  with  onboard  weapon  systems,  by  either  direct  fire 
or  indirect  fire.  The  most  survivable  is  by  indirect  means;  however,  it 
requires  the  assistance  of  another  system.  Direct  fire  is  the  most  accurate 
and  time-sensitive  engagement  means.  Should  direct  fire  means  be  selected, 
fire-and-forget  munitions  contribute  far  more  to  survivability  of  the  SCAT 
than  command-guided  munitions. 

Related  functions:  20,  20A,  20B,  21,  22,  25,  and  26. 


Crew  sice:  Two . 

Rationale:  Same  as  functions  20A  and  20B. 
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(33)  Function  31:  Call  for  or  deliver  and  employ  obscurants,  illumi¬ 
nation,  and  special  effects  munitions. 

Condition:  As  an  LHX  SCAT  equipped  with  voice  and  DM3)  com¬ 
munications  during  day/night  and  varying  visibility  and  weather  conditions. 

Standard:  Determine  effect  desired  in  consonance  with  the 
ground  commander's  scheme  of  maneuver.  Determine  the  munition  impact  area  to 
achieve  the  desired  result.  Call  for  indirect  delivery  or  use  direct  deliver 
and  adjust  munition  to  achieve  the  desirrd  result. 

Discussion:  The  ground  commander's  scheme  of  maneuver  may 
require  the  employment  of  obscurants,  illumination,  and  special  effects  muni¬ 
tions.  These  munitions  can  be  delivered  by  indirect  means  such  as  artillery, 
SCAT,  or  attack  helicopters  in  defilade;  this  is  the  desired  delivery  tech¬ 
nique.  However,  when  time  is  critical  or  when  communications  cannot  be 
effected  between  the  observer  and  the  delivery  system,  direct  fire  must  be 
used  to  achieve  the  desired  effect. 

a.  Obscurants.  Obscurants  are  employed  to  conceal  the  activity 
of  friendly  forces.  This  can  be  to  obscure  the  enemy's  view  while  friendly 
forces  withdraw  to  subsequent  battle  positions  during  the  defense,  or  it  could 
be  used  to  obscure  the  enemy's  view  while  friendly  forces  attack  an  objective. 

b.  Illumination.  Illumination  i3  used  to  illuminate  the 
battlefield  at  night.  It  can  be  used  to  provide  light  for  friendly  opera¬ 
tions,  or  it  can  be  used  to  blind  enemy  optics  and  night  vision  systems. 

c.  Special  effects  munitions.  Special  effects  munitions  take 
the  form  of  chemical  incapacitants ,  concussion  munitions,  napalm,  etc.  These 
munitions  can  be  used  in  a  variety  of  ways  based  upon  the  ground  commander's 
scheme  of  maneuver.  They  can  be  used  to  confuse  the  enemy  or  to  deny  him  use 
of  certain  terrain  which  may  give  him  the  advantage  over  friendly  forces 
during  attack.3  for  deep  or  close  in  objectives. 

Related  functions:  6,  20,  20A,  20B,  21,  22,  25,  and  26. 


Crew  size:  Two . 

Rationale :  Same  as  functions  20A  and  20B. 

c •  Discussion  of  Functional  Analysis. 

(1)  Looking  at  the  SCAT  system  functions  described  above,  intuitively 
the  question  of  one-man  cockpit  versus  two-man  cockpit  boils  down  to  a  trade¬ 
off  of  workload  between  control  systems  and  the  aircrew,  if  one  assumes  that 


29 


R-I 1 1-33 


ATZQ-D-TF86  29  July  1983 

SUBJECT:  Tactical  Implications  of  One-Man  Versus  Two-Man  Aircrews  for  the 
Light  Helicopter  Family  (LHX)  (Partial  Report) 

the  hardware  and  airframe  are  given.  Further,  if  the  hardware  that  performs 
or  assists  in  performing  the  functions  described  above  can  be  fully  integrated 
so  as  not  to  overload  the  pilot,  than  the  move  to  a  one-man  cockpit  will 
require  the  integration  of  all  systems  early  within  the  program.  The 
“Band-Aid"  approach  that  the  military  has  taken  for  past  aircraft  will  not 
work  for  a  one-man  system.  The  question  then  becomes,  can  the  system  be  built 
which  will  perform  the  functions  and  not  overload  the  aircrew? 

(2)  The  next  obvious  step  is  to  determine  what  the  average  pilot  can 
handle  without  being  overloaded.  This  step  is  necessary  because  it  is  highly 
likely  chat  technology  has  exceeded  the  capabilities  of  Che  average  human. 

(a)  For  example,  a  pilot  performing  a  reconnaissance  function  must 
maintain  an  overall  picture  of  the  battlefield.  This  picture  is  updated  with 
every  new  piece  of  information  that  is  received  about  the  battlefield.  The 
primary  sensory  perceptor  for  the  pilot  is  the  eye.  The  eye  uses  it3  macula 
vision  to  maintain  the  overall  orientation  of  the  battlefield  and  to  detect 
targets  or  other  information  in  che  secondary  search  sector  (more  than  45°  off 
of  the  nose  of  the  aircraft).  If  specific  information  is  displayed  for  the 
pilot  to  make  a  decision,  then  his  attention  is  focused  on  that  specific  piece 
◦f  information,  and  Che  overall  picture  of  the  battlefield  i3  lost  during  that 
finite  period  of  time  in  which  his  attention  is  diverted.  This  finite  time 
period  can  be  lengthy  if  hi3  attention  is  focused  on  target  engagements. 

The  diversion  of  attention  can  be  shorter  if  fire-and-forget  munitions  are 
used.  However,  if  command-guided  munitions  are  used  such  as  TOW  or  HELLFIRE 
SAL,  Chen  the  diversion  of  attention  can  get  quite  lengthy. 

(b)  Target  engagement  is  probably  the  most  physically  taxing  function 
to  be  performed.  Body  functions  are  at  a  higher  rate  than  normal.  An  indivi¬ 
dual  will  be  physically  expended  faster  during  repeated  target  engagements 
than  during  normal  operations.  Therefore,  over  a  period  of  time,  the 
crewman's  ability  to  return  to  the  overall  battlefield  picture  and  absorb  it 
will  be  degraded. 

(c)  Another  intense,  heavy  pilot  workload  is  reconnaissance. 
Reconnaissance  is  ;ery  detailed  and  time  consuming.  The  individual  pilot,  if 
in  a  one-man  cockpit,  will  have  a  higher  chan  normal  physical  exertion  rate 
for  a  long  period  of  time  while  performing  this  function.  Therefore,  if  the 
pilot  is  presented  several  pieces  of  information  about  the  reconnaissance  sec¬ 
tor,  then  it  is  highly  likely  that  he  will  be  overloaded  with  visual  percep- 
tors  and  will  tire  at  a  rapid  rate. 

(d)  Technology  must  provide  che  means  to  avoid,  lessen,  or  shorten 
these  overload  periods  if  the  one-man  cockpit  is  to  work. 
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(3)  If  the  d'  :ision  i3  to  build  a  two-man  cockpit,  then  it  is 
desirable  to  make  it  one-man  flyable.  If  it  requires  two  men  to  fly,  then  it 
will  require  two  men  to  perform  some  one-man  missions  3uch  as  radio  relay. 
While  it  is  desirable  to  have  two  pilots  on  some  missions,  other  missions  may 
only  require  one  pilot  and  one  sensor  operator,  and  still  others  may  only 
require  a  pilot. 

(4)  The  one-man  cockpit  must  have  growth  potential.  A3  the  new 
battlefield  is  further  defined  in  AirLand  Battle  2000  and  Focus  21,  new 
battlefield  functions  will  evolve  that  are  not  even  conceived  of  today.  These 
functions  should  be  provided  for  in  the  cockpits  that  are  built  in  the  future. 

5 .  CONCLUSIONS . 

i  TiTT  in  n  li  i  r  raw  u  run  Mini  i  in  1i[i  I  r"  T  1 1  fty -ITT"  ‘"T .  I  l  i  i  I  1 1  n  Ilf' 

A — •*  "i>iliA«*"  "<nn  *i-r_Hwo4<e^>-)i,iirpnfTdiTifr 

4L  )t.  A  one-man  cockpit  is  tactically  acceptable  provided  technology  can 
deliver  a  cockpit  in  which  the  pilot  can  perform  every  one  of  the  SCAT  func¬ 
tions  described  in  paragraph  4a  without  being  unacceptably  overloaded. 

£  /.  If  technology  cannot  provide  for  acceptable  one-man  performance  of  any 
one  SCAT  function  singly  or  in  combination  with  others  as  the  mission 
requires,  than  a  two-man  cockpit  will  be  required. 
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R-lV-1.  The  report,  "A  Computer  Analysis  to  Predict  Crew  Work¬ 
load  During  LHX  Scout  -  Attack  Missions"  i3  reproduced  on  the 
following  pages.  The  report  was  the  result  of  an  investigation 
conducted  by  Anacapa  Sciences,  Inc.  for  the  U.  S.  Army  Research 
Institute  Field  Unit,  Fort  Rucker,  Alabama. 
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Computerized  one-  arid  two-crewmember  models  were  developed.  The  mission  and 
function  analysis  results,  including  the  workload  and  duration  estimates,  were 
used  as  the  data  base.  Decision  rules  were  written  for  building  (a)  functions 
from  the  performance  elements,  and  (b)  mission  segments  from  the  functions. 
The  computer  models  were  used  to  predict  total  workload  in  four  components: 
visual,  auditory,  cognitive,  and  psychomotor  during  concurrent  performance 
elements. 

Four  methods  of  tabulating  workload  were  devised.  A  computer  program  was 
developed  to  tabulate  the  four  indices  of  workload  termed  (a)  overload  condi¬ 
tions,  (b)  overloads,  (c)  workload  density,  and  (d)  subsystem  overloads.  An 
overload  threshold  was  established  so  that  excessive  workload  could  be  identi¬ 
fied  throughout  the  missions.  Performance  elements  and  subsystems  associated 
with  excessive  workload  were  identified.  Results  were  used  to  compare  the 
one-  and  two-crewmembev  configurations. 
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INTRODUCTION 


As  part  of  its  force  modernization  effort  in  aviation,  the  Army  is 
evaluating  the  concept  of  a  multipurpose,  lightweight,  experimental 
helicopter,  designated  the  LHX.  One  of  the  major  design  goals  for  the 
LHX  is  that  it  should  be  capable  of  performing  the  scout  and  attack 
(SCAT)  mission  with  a  single  crewmember.  Some  of  the  potential  benefits 
of  a  single-crewmember  design  include: 

•  a  lighter,  smaller  vehicle, 

•  increased  survivability  because  of  the  smaller  target  profile, 

•  fewer  pilot  resources  for  manning  the  LHX  fleet, 

•  lower  training  costs,  and 

•  a  greater  number  of  flight  hours  achievable  with  a  given 
aircraft  to  pilot  ratio. 

Improved  and  highly  automated  subsystems  may  make  single¬ 
crewmember  operation  feasible.  Some  of  the  advanced  design  features 
being  proposed  for  the  LHX  are: 

•  increased  number  of  sensors  and  target  acquisition  aids, 

•  improved  navigation  and  communication  systems, 

•  advanced  crew  station  design  features, 

•  improved  flight  controls,  and 

•  extraordinary  avionics  reliability,  self-healing  components, 
functional  redundancies,  and  reconf igurable  features. 

Traditionally,  the  introduction  of  advanced  technology  into  weapons 

system  design  has  resulted  in  higher  costs.  However,  extraordinarily 

high  system  reliability  and  single-crewmember  operation  may  make  the  LHX 

cost  effective. 

The  Army  is  formally  evaluating  the  advanced  development  concepts 
for  LHX  in  a  series  of  trace-off  studies  and  analyses.  Human  factors, 
man-machine  interface  questions  are  critical  to  the  evaluation.  All  of 
the  advanced  design  features  listed  above  have  human  factor  design 


implications.  But,  the  primary  human  factors  concern  being  addressed  in 
the  LHX  trade-off  studies  is  the  feasibility  of  single-crewmember 
operation. 
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BACKGROUND 


In  a  message  from  Commander,  Aviation  Research  and  Development 
Command  (AVRADCOM) ,  dated  7  Juiy  1933,  the  Army  Research  Institute  (ARI) 
Field  Unit  at  Fort  Rucker,  Alabama,  was  tasked  as  the  lead  element  to 
develop  human  factors  analyses  of  the  LUX  scout  attack  (SCAT)  mission. 
The  message  tasked  ARI  (a)  tc  evaluate  the  feasibility  of  single-pilot 
LHX  mission  performance,  and  (b)  to  help  identify  the  equipment 
operation  and  mission  functions  for  which  automation  would  be  most 
beneficial.  The  AVRADCOM  deadline  for  completing  the  work  was  1 
September  1983. 

Dr.  Jack  McCracken  of  ARI  developed  the  methodology  described  in  a 
draft  report  and  ARI  Technical  Note  (McCracken  &  Aldrich,  1984).  The 
chosen  methodology  includes  a  task  analysis  approach  for  analyzing  the 
LHX  mission  and  a  subjective  rating  approach  for  estimating  the  workload 
imposed  on  the  operator.  Task  analyses  and  subjective  ratings,  are  two 
of  the  commonly  used  methods  for  workload  assessment.  But,  there  are  no 
known  validated  methods  for  predicting  workload  imposed  by  mission  tasks 
in  advance  of  system  design. 

Berliner,  Angell,  and  Shearer  (1964)  offered  a  classification  of 
Universal  Operator  Behavior  Dimensions  that  is  useful  in  deciding  how  to 
subjectively  rate  workload.  Also  useful  is  Wlerwille  and  Williges 
(1978)  classification  of  Workload  Methodologies  Dimensions.  Their 
survey  and  analysis  of  Operator  Workload  Assessment  Techniques  and  its 
companion  annotated  bibliography  (Wierwille  &  Williges,  1980)  document 
that  no  single  technique  can  be  recommended  as  a  definitive  method  for 
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measuring  operator  workload.  Wierwille  and  Williges  (1978)  conclude 
that  the  multidimensionality  of  workload  precludes  assessment  j f 
workload  with  a  single  measure. 

Attempts  to  predict  workload,  however,  must  rely  solely  on 
subjective  opinions.  There  ere  no  other  measures  available  in  advance 
of  system  design.  Wierwille  and  Williges'  recommendations  for  research 
focused  attention  on  the  problems  encountered  when  collecting  subjective 
opinions  about  workload.  The  Air  Force's  development  of  the  Subjective 
Workload  Assessment  Technique  (SWAT)  (see  Reid,  Shingledecker,  Nygren, 
and  -ggemeier  1981),  The  Army's  research  at  their  Aeromechanical 
Labt  atory  (see  Hart  &  Sheridan,  1984),  and  work  at  Virginia  Polytechnic 
Institute  and  State  University  (see  Wierwille  s  Casali,  1983)  are 
continuing  attempts  to  develop  reliable  and  valid  rating  scales  for 
subj  ’ctively  rating  workload.  The  SWAT  investigators  and  Hart  agree 
that  expert  subjects  have  varying  individual  perceptions  about  what 
onstitutes  workload.  Thus,  ratings  from  expert  subjects  probably 
cannot  be  analyzed  accurately  without  accounting  for  their  individual 
differences  as  they  perceive  workload.  Continuing  research  and  further 
development  of  subjective  rating  methods  for  assessing  workload  may 
result  in  improved  methods  for  predicting  workload  in  advance  of  system 
des ' gn. 

INITIAL  ANALYSES 

ARI  responded  imr.ediately  to  the  requirements  in  the  AVRADCOM 
message.  An  analysis  team,  headed  by  Dr.  Jack  McCracken  (ARI),  with 
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contractor  support  from  Anacapa  Sciences,  Inc.,  completed  a  preliminary 
analysis  in  six  weeks.  A  draft  report  and  briefing,  explaining  the 
analysis,  were  presented  to  AVRADCOM  on  30  August. 

AVRADCOM  immediately  requested  that  ARI  perform  two  additional 
analyses: 

•  an  analysis  assessing  a  high  degree  of  automation  for  flight 
control,  target  search  and  acquisition,  navigation,  and  weapon 
delivery  functions  (to  be  completed  by  23  September). 

•  An  analysis  for  a  two-crewmember  configuration  (to  be  completed 
by  7  October). 

The  two  additional  analyses  were  completed  and  a  draft  report, 
subsequently  published  as  an  ARI  Research  Note  (McCracken  &  Aldrich, 
1984),  was  delivered  to  AVRADCOM  during  the  first  week  in  October  1983. 

The  three  initial  analyses  satisfied  the  basic  requirements  set 
forth  in  the  AVRADCOM  Message.  They  provided  a  data  base  for  evaluating 
the  single  versus  dual-crewmember  configurations  and  various  automation 
options.  Excessive  workload  demands  on  a  single  crewmember  were 
identified  during  the  baseline  analysis  with  no  automation,  and  compared 
with  results  from  the  two  additional  analyses.  Results  indicated  that 
single-pilot  operation  in  the  LHX  will  require  considerable  automation 
of  crew  functions.  The  iteration  with  an  assumed  high  degree  of  automa¬ 
tion  resulted  in  the  reduction  of  excessive  workload  to  brief  periods  in 
only  three  mission  segments  during  nap-of-the-earth  (NOE)  flight.  The 
baseline  iteration  with  two  crewir, embers  resulted  in  the  elimination  of 
excessive  workload  from  only  seven  of  the  29  mission  segments.  Exces¬ 
sive  workload  was  reduced  dramatically  for  the  crewmember  performing 
flight  control  functions,  but  frequent,  excessive,  workload  remained  for 


the  other  crewmember  performing  support  and  mission  functions.  The  two- 
crewmember  analysis  indicated  that  some  automation  will  be  required  even 
if  the  two-crewmember  LHX  configuration  is  selected. 

PURPOSE  AND  RATIONALE 

The  results  'rom  the  initial  analyses  were  rudimentary,  but  they 
achieved  three  objectives  by  providing: 

•  a  method  for  evaluating  the  feasibility  of  single-pilot 
operation  of  the  LHX  during  scout-attack  missions, 

•  analytical  material  for  identifying  equipment  operations  and 
mission  functions  where  automation  can  reduce  pilot  workload  and 
enhance  mission  performance,  and 

•  approximate  first-iteration  estimates  of  workload  and  perfor¬ 
mance  times  at  the  function  level  of  analysis. 

However,  the  analyses  cover  only  three  basic  configurations: 

•  single  crewmember,  no  automation, 

«  single  crewmember,  high  degree  of  automation,  and 

•  two  crewmembers,  no  automation. 

The  LHX  trade-off  studies  require  several  additional  analyses  to 
evaluate  system  and  subsystem  design  alternatives.  Each  design 
alternative  will  have  impact  on  operator  workload  aud  can  affect  mission 
effectiveness.  Rather  than  treating  automation  as  an  all  or  nothing 
proposition,  the  studies  require  rapid  response  in  analyzing  the  various 
options  so  that  the  optimal  mix  of  automation  and  crew  composition  can 
be  identified.  Estimates  of  such  impact  must  be  produced  accurately  and 
quickly. 

Data  automation  is  essential  for  achieving  the  timeliness  and 
accuracy  required  if  subsequent  iterations  of  the  mission  analyses  are 
performed  in  phase  with  the  LHX  program  milestones.  Accordingly,  the 
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Commander,  AVRADCOM,  provided  funds  on  1  October  1983  to  the  ARI  Fort 
Rucker  Field  Unit  for  the  establishment  of  a  computerized  data  base  for 
LHX  mission  analysis.  The  ARI  Field  Unit  directed  Anacapa  Sciences, 
Inc.,  to  perform  the  following  tasks: 

•  Program  the  ARI  computer  to  support  entry  of  mission  analyses 
data  and  LHX  system,  subsystem,  and  mission  equipment  data. 

•  Enter  mission  analyses  and  system,  subsystem,  and  mission 
equipment  data  into  the  computerized  data  base. 

•  Develop  or  obtain  software,  including  a  simulation  model  for 

evaluation  of  the  impact  of  various  systems,  subsystems,  and 

mission  equipment  design  alternatives  on  crew  workload  and 

performance  times. 

•  Perform  evaluative  analyses  and  provide  recommendations 
regarding  the  impact  of  design  alternatives  on  human  performance 
and  emerging  requirements  for  LHX  aviator  training. 

Anacapa  investigators  completed  the  first  task  by  adapting  methods 
used  during  the  earlier  analyses.  The  one  crewmember,  no  automation 
analysis  was  repeated  using  data  automation  to  produce  a  data  nase  for 

use  in  future  iterations.  Entry  of  the  initial  mission  analyses  into 

the  computerized  data  base  represents  completion  of  the  second  task. 


This  report 

presents 

the 

results  of  these 

efforts 

and  limited 

comparisons 

between 

the 

sing le-crevmemb  er 

and 

two-crewmember 

computerized 

analyses . 
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METHOD 

This  section  of  the  report  describes  the  methods  and  procedures 
used  to  accomplish  two  analytic  tasks — both  aimed  at  generating 
estimates  of  (a)  the  workload  that  LHX  crewmembers  can  be  expected  to 
encounter  in  a  one-crewmember  and  a  two-crewmember  aircraft,  and  (b)  the 
extent  to  which  overloads  can  be  reduced  by  various  types  and  levels  of 
automation.  The  first  task  described  consists  of  a  series  of  manual 
analyses;  that  is,  analyses  conducted  without  the  aid  of  a  computer. 
The  second  task,  which  is  a  logical  extension  of  the  first,  consists  of 
a  series  of  computer  analyses.  As  is  discussed  in  more  detail  later, 
the  computer  programs  were  developed  to  generate  workload  estimates  with 
greater  precision  and  greater  speed  than  is  possible  with  the  manual 
analyses.  It  is  important  to  emphasize,  however,  that  both  analyses 
address  the  same  mission  functions  and  employ  the  same  subjective 
estimates  of  the  level  of  workload  imposed  by  individual  tasks  that  LHX 
crewmembers  must  perform  to  accomplish  these  mission  functions. 

MANUAL  ANALYSES 

The  following  paragraphs  outline  the  methods  and  procedures  used 
to  perform  the  manual  analyses  for  three  LHX  configurations: 

•  one  crewmember ,  no  automation, 

•  one  crewmember,  high  degree  of  automation,  and 

•  two  crewmembers,  no  automation. 

The  procedures  presented  in  the  following  subsections  correspond  to 
oteps  in  the  analytic  process. 

•  identification  of  mission  phases  and  segments, 

•  identification  of  mission  functions  and  performance  elements, 
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•  estimates  of  workload  imposed  by  performance  elements,  and 

*  tabulation  of  concurrent  and  sequential  workload  demands. 

The  data  generated  by  the  first  three  steps  of  the  manual  analyses 
(McCracken  &  Aldrich,  1984)  were  used  with  minor  refinements  for  the 
computer  analyses.  The  manual  analyses  and  the  computer  analyses  differ 
significantly  only  in  the  fourth  step.  The  differences  are  discussed  in 
the  appropriate  subsections. 


1 

i 


Limitations 

In  developing  the  methodology,  certain  limitations  were 
established  at  the  start.  The  limitations  listed  below  apply  to  both 
the  manual  analyses  and  the  computer  analyses. 

•  Since  specific  subsystem  design  has  not  yet  occurred,  subsystems 
and  procedures  were  viewed  in  non-specific,  generic  terms. 

•  The  specificity  level  of  the  analyses  was  limited  to  the 
identification  of  general  human  performance  elements  within  the 
mission  functions.  (The  terms  "mission  function"  and 
"performance  element"  are  defined  in  a  later  subsection.) 

•  Analyses  addressed  only  primary  aeroscout  and  attack  mission 
functions  under  normal  operating  conditions.  System  failures, 
visual  obscuration,  or  enemy  countermeasures  were  not  addressed. 

•  Validation  cf  the  analyses  was  limited  to  content  review  by 
subject  matter  experts. 

•  Time  estimates,  workload  estimates,  and  other  parameters  of  the 
mission  functions  were  based  upon  the  analysts'  understanding  of 
current  Army  doctrine  and  tactics. 

•  When  estimating  workload  for  the  non-automated  LHX  configura¬ 
tion,  the  general  level  of  subsystem  and  weapon  technology  was 
assumed  to  be  comparable  to  that  available  in  the  latest  Army 
helicopters,  the  OH-58D  and  AH-64A. 


Identification  of  Critical  Mission  Segments 

Twenty-four  LUX  (SCAT)  profiles,  prepared  by  the  Directorate  of 
Combat  Developments  at  the  U.S.  Army  Aviation  Center  (DCD,  undated). 
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were  examined  at  the  start  of  the  mission  analysis.  The  24  missions  are 
actually  two  sets  of  12  basic  missions.  One  set  consists  of  12  missions 
in  a  European  scenario;  the  other  set  consists  of  the  same  12  missions 
in  a  Mid-East  scenario.  A  careful  study  of  the  missions  led  to  the 
conclusion  that  the  function  level  of  analysis  would  not  be  sensitive  to 
the  differences  between  the  two  sets  of  missions.  Therefore,  the 
European  set  of  12  missions  was  selected  for  analysis.  The  12  missions 
are : 

•  anti-armor, 

•  anti-personnel/materiel, 

•  special  operations/strike, 

•  reconnaissance, 

•  security, 

•  deep  strike, 

•  rear  area  consolidation  operation  (RACO) , 

•  suppression  of  enemy  air  defense  (SEAD), 

•  amphibious  assault, 

•  forward  aerial  artillery  observation  (FAAO), 

•  air-to-air  (defense),  and 

•  air-to-air  (offense). 

The  mission  analysis  commenced  with  a  thorough  study  of  the 
mission  profile  developed  for  each  of  the  12  missions  by  the  Aviation 
Center's  Directorate  of  Combat  Developments  (DCD,  undated).  Project 
personnel  then  subdivided  each  mission  into  mission  phases  and 
subdivided  each  mission  phase  into  mission  segments.  The  component 
phases  of  a  mission  included  all  or  i  portion  of  the  following: 
preflight,  departure,  enroute  (outbound/inbound),  reconnaissance,  target 
servicing,  forward  area  arming  and  refueling,  terminal  operations,  and 
postf light.  Mission  segments  were  defined  by  examining  changes  in  the 
type  and  purpose  of  the  crew's  activities  during  the  mission  phase. 
That  is,  the  boundaries  of  mission  segments  were  established  at  points 
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throughout  the  mission  phase  at  which  the  type  or  purpose  of  the  crew's 
activities  change  significantly. 

At  this  stage  of  the  analysis,  it  became  clear  that  an  in-depth 
workload  analysis  of  every  segment  of  every  mission  phase  was  neither 
feasible  nor  necessary.  Accordingly,  the  purpose  of  the  next  task 
undertaken  was  to  select  a  limited  but  representative  sample  of  mission 
segments  for  further  analysis.  Tne  primary  factors  considered  in 
selecting  the  sample  of  mission  segment.  include:  the  estimated 

likelihood  of  crew  overloads,  the  estimated  incidence  of  crew  overloads, 
the  estimated  severity  of  overloads,  and  the  estimated  consequences  of 
overloads.  Experienced  Army  aviators  and  experienced  research  personnel 
contributed  to  the  final  selection  of  the  mission  segment  sample. 

The  mission  segments  selected  for  detailed  analysis  are  shown  in 
Table  1.  The  "X"s  signify  the  segments  selected  and  the  mission  and 
mission  phase  from  which  the  segment  was  drawn.  It  should  be  noted  that 
no  segments  were  selected  from  three  missions  (strike-special 
operations,  security,  and  rear-area  consolidation  operations  [RACO]). 
It  should  also  be  noted  that  no  segments  were  selected  for  four  of  the 
eight  mission  phases  (preflight,  departure,  forward-area  arming  and 
refueling,  and  postflight,  The  net  result  is  that  31  segments  were 
selected  from  nine  different  missions  and  four  different  mission  phases. 

Identification  of  Functions 

A  brief  comment  about  excessive  workload  is  needed  to  introduce 
this  subsection.  Ic  is  generally  recognized  that  excessive  workload  may 
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MISSION  SEGMENTS  SELECTED  FOR  IN-DEPTH  ANALYSIS 
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be  ths  result  of  (a)  the  requirement  to  engage  in  a  single  activity  that 
exceeds  the  operator's  capacity  in  some  way,  (b)  the  requirement  to 
engage  in  two  activities  concurrently  that,  together,  exceed  the 
operator’s  capacity,  (c)  the  requirement  to  perform  sequential  (non¬ 
overlapping)  activities  in  a  limited  amount  of  time,  or  (d)  some 
combination  of  these.  As  a  consequence,  it  is  essential  that  workload 
estimates  take  into  consideration  the  workload  associated  with 
individual  activities,  the  extent  to  which  activities  overlap  in  time, 
and  the  time  within  which  the  activities  must  be  completed.  The 
analyses  described  in  this  subsection  were  designed  to  provide 
information  with  which  to  address  such  factors. 

Each  of  the  31  segments  was  dissectad  into  "functions"  that  must 
be  performed,  either  by  a  human  operator  or  by  an  aircraft  equipment 
component,  in  order  to  complete  the  segment  successfully.  The  functions 
were  then  classified  into  one  of  three  categories  and  placed  on  a  rough 
timeline.  The  three  categories  of  functions  are  as  follows: 

•  Flight  Control — functions  associated  with  flying  the  aircraft. 
Examples  include  hovering,  maneuvering  NOE,  and  unmasking. 

•  Mission — functions  associated  with  achieving  combat  objectives, 
such  as  acquiring  and  engaging  targets. 

•  Support — functions  performed  in  support  of  flight  control  and 
mission  functions,  e.g.,  checking  systems  and  threat  warning 
displays,  navigating,  and  communicating. 

A  segment  summary  sheet  was  developed  with  separate  columns  for 
categorizing  each  function.  Table  2  is  an  example  of  a  segment  summary 
sheet  depicting  functions  performed  during  an  air-to-air  engagement. 
The  critical  flight  control  functions  are  listed  in  the  FLIGHT  CONTROL 
column  in  the  sequence  most  likely  to  be  followed  in  an  air-to-air 


TABLE  2 

SEGMENT  SUMMARY  WORKSHEET 


Phase _ Target  Service,  Air-to-Air _ 

Segment  25:  Engagement  Alr-to-Air _  Method  From  Masked  Position 


FLIGHT  CONTROL 

SUPPORT 

Hover  Masked 

Check  A/C  Systems 

Unmask  Sensor 

Align  Heading  on 

Target  Bearing 

Unmask  Aircraft 

Deploy  to  Cover 

MISSION 


Track  Target 


Estimate  Range 
Prepare  Weapon 


Track  Target 
Fire  Weapon 
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engagement.  The  essential  support  functions  are  listed  in  the  SUPPORT 
column,  and  the  essential  mission  functions  are  listed  in  the  MISSION 
column.  The  vertical  listing  is  analogous  to  a  timeline,  but  has  no 
precise  time  scale.  Listings  located  on  the  rough  timeline  depict 
temporal  relationships  among  the  flight  control,  support,  and  mission 
functions.  In  Table  2,  for  example,  the  support  function  "Check 
Aircraft  systems"  is  depicted  as  being  performed  concurrently  with  the 
flight  control  function  "Hover  Masked";  the  mission  function  "Track 
Target"  is  depicted  as  being  performed  subsequent  to  the  flight,  control 
function  "Unmask  Sensor." 


Four  rules  were  followed  in  preparing  the  segment  summary  sheets: 

•  Functions  should  be  listed  only  if  they  are  judged  critical  for 

accomplishing  the  specified  mission  activity  or  if  they  must  be 
performed  on  a  recurring  basis  in  support  of  the  mission 
activity.  In  Table  2,  the  support  function  "Check  Aircraft 

systems"  is  not  strictly  critical  to  performance  of  the  mission 
activities,  but  must  be  performed  on  a  recurring  basis. 

•  Initiation  times  of  functions  must  reflect  typical  temporal 
sequencing.  To  the  extent  possible,  initiation  times  of 
functions  should  be  delayed  to  avoid  concurrence  and,  thereby, 
minimize  workload. 

•  No  more  than  one  function  within  a  single  category  can  be 

performed  at  the  same  time.  However,  functions  from  two  or 

three  different  categories  can  be  performed  concurrently.  For 
example,  no  segment  summary  sheet  depicts  two  flight  control 
functions  being  performed  concurrently.  However,  support  and/or 
mission  functions  are  depicted  as  being  performed  at  the  same 
time  as  flight  control  functions. 

•  A  flight  control  function  must  be  performed  at  all  times 
throughout  the  segment. 

Current  aeroscout  and  attack  mission  doctrine  was  adhered  to  in 
identifying  the  critical  functions  and  locating  them  on  the  segment 
summary  worksheets.  Aircrew  Training  Manuals  and  existing  task  analyses 
were  used  as  references. 
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Segment  summary  sheets  were  initially  prepared  for  each  of  the  31 
segments  identified  in  Table  i.  Additional  summary  sheets  were  prepared 
for  some  segments  to  depict  alternative  methods  of  performance.  This 
increased  the  total  number  of  segment  summaries  to  more  than  AO. 
Several  segment  summaries  contained  virtually  identical  functions;  they 
differed  only  in  the  order  in  which  the  functions  were  listed. 
Eliminating  such  duplicates  reduced  the  number  of  segment  summary  sheets 
to  29.  The  29  segments  selected  for  further  analyses  are  included  in 
Appendix  A. 

Analysis  of  Functions 

The  29  segments  selected  for  further  analyses  contain  58  different 
functions.  Each  of  the  58  functions  were  dissected  into  "performance 
elements"  considered  critical  to  successful  performance  of  the  function. 
Each  performance  element  is  defined  in  terms  of  a  verb  and  an  object. 
The  verb  describes  the  action;  the  object  describes  the  recipient  of  the 
action.  For  example,  the  performance  element  "Follow  Course"  denotes  a 
specific  crew  activity.  Appendix  B  is  a  glossary  of  verbs  and  objects 
used  in  the  analyses. 

The  performance  elements  are  the  basic  elements  of  the  mission 
analyses  and  are  equivalent  to  the  task  level  of  specificity  in 
traditional  task  analyses.  Each  performance  element  was  analyzed  to: 

•  identify  the  generic  subsystem  presenting  the  primary 
raan/machine  interface, 

•  estimate  the  workload  imposed  on  the  operator,  and 

•  estimate  the  length  of  time  required  to  complete  the  performance 
element. 
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Identification  of  the  generic  subsystems  was  based  upon  knowledge  of  the 
manner  in  which  similar  tasks  are  performed  in  existing  Army 
helicopters.  Methods  of  estimating  workload  and  performance  times 
require  some  explanation. 

Workload,  as  the  term  is  used  in  these  analyses,  has  three 
components:  sensory,  cognitive,  and  psychomctor.  The  sensory  component 
refers  to  the  complexity  of  the  visual  or  auditory  stimuli  to  which  an 
operator  must  respond.  The  cognitive  component  refers  to  the  level  of 
thinking  required,  and  the  psychomotor  component  refers  to  the 
complexity  of  the  behavioral  responses  required.  It  is  important  to 
note  that  workload,  as  estimated  in  this  analysis,  is  not  limited  to 

overt  behavior.  A  considerable  portion  of  aviators'  efforts,  especially 
in  combat  missions,  consists  of  sensory  intake  and  cognitive  processing. 
The  three-component  concept  of  workload  is  well  suited  to  account  for 
these  covert  but  important  workload  demands. 

The  scales  shown  in  Table  3  were  developed  during  the  manual 

analyses  (McCracken  &  Aldrich,  1984).  The  scale  values  indicate 
increasing  complexity  of  the  workload  components.  The  analysts  judged 
that  the  verbal  descriptors  denote  an  increase  in  complexity 

corresponding  with  the  scale  values.  McCracken  and  Aldrich  assigned 
scale  values  for  each  of  the  components  of  workload  after  all 

performance  elements  had  been  identified  and  listed  with  verbs  and 
objects.  The  vero/object  descriptors  of  the  performance  elements  were 
compared  with  the  verbal  descriptors  in  the  four  scales  presented  in 
Table  3.  The  scale  values  for  the  Table  3  verbal  descriptors  most 
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TABLE  3 

WORKLOAD  COMPONENTS 


SCALE 

VALUE 


DESCRIPTORS 


VISUAL 

1  MONITOR,  SCAN,  SURVEY 

2  DETECT  MOVEMENT,  CHANGE  IN  SIZE,  BRIGHTNESS 

3  TRACE,  FOLLOW,  iRAcK 

4  ALIGN,  AIM,  ORIENT  ON 

5  DISCRIMINATE  SYMBOLS,  NUMBERS,  WORDS 

6  DISCRIMINATE  BASED  ON  MULTIPLE  ASPECTS 

7  READ,  DECIPHER  TEXT,  DECODE 


AUDITORY 


1  DETECT  OCCURRENCE  OF  SOUND,  TONE,  ETC. 

2  DETECT  CHANGE  IN  AMPLITUDE,  PULSE  RATE,  PITCH 

3  COMPREHEND  SEMANTIC  CONTENT  OF  MESSAGE 

4  DISCRIMINATE  SOUNDS  ON  THE  BASIS  OF  SIGNAL  PATTERN  PITCH, 
PULSE  RATE,  AMPLITUDE 


COGNITIVE 


1  AUTOMATIC  (SIupLE  ASSOCIATION) 

2  SIGN/SIGNAL  RECOGNITION 

3  AITERNATIVE  SELECTION 

4  ENCODING/DECODING,  RECALL 

5  FORMULATION  OF  PLANS  (PROJECTING  ACTION  SEQUENCE,  ETC.) 

j  6  EVALUATION  (CONSIDER  SEVERAL  ASPECTS  IN  REACHING  JUDGMENT) 

7  ESTIMATION,  CALCULATION,  CONVERSION 


PSYCHOMOTOR 


1  DISCRETE  ACTUATION  (BUTTON,  TOGGLE,  TRIGGER) 

2  DISCRETE  ADJUSTIVE  (VARIABLE  DIAL,  ETC.) 

3  SPEECH  USING  PRESCRIBED  FORMAT 

4  CONTINUOUS  ADJUSTIVE  (FLIGHT  CONTROLS,  SENSOR  CONTROL,  ETC.) 

5  MANIPULATIVE  (HANDLING  OBJECTS,  MAPS,  ETC.) 

6  SYMBOLIC  PRODUCTION  (WRITING) 

7  SERIAL  DISCRETE  MANIPULATION  (KEYBOARD  ENTRIES) 
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clearly  matcMng  the  performance  element  verb/object  descriptors  were 
assigned  to  the  workload  components  in  each  performance  element.  The 
analysts  reached  consensus  in  their  judgments  and  their  consensus  was 
reviewed  by  two  subject  matter  experts. 

Although  performance  element  duration  cannot  be  precisely 
determined  in  advance  of  hardware/equipment  design,  the  time  dimension 
is  an  essential  component  of  workload  estimation.  Moreover,  estimates 
of  performance  element  duration  were  needed  to  develop  a  timeline. 
Therefore,  the  duration  of  each  performance  element  was  estimated  and 
included  in  the  analysis.  The  method  used  to  derive  the  time  estimates 
is  described  below. 


Each  performance  element  was  categorized  as  discrete  or 
continuous.  Discrete  performance  elements  are  characterized  by  actions 
having  a  definite,  observable  start  and  end  point.  Activation  of 
switches,  performance  of  procedures,  and  radio  transmissions  are 
examples  of  performance  elements  considered  discrete. 


Existing  helicopter  task  analyses  were  used  in  deriving  estimates 
of  discrete  performance  element  duration.  The  task  analyses  used  are 
listed  beicv: 


•  OH-58D  MEP  Description  and  Workload  Analysis,  Bell  Helicopter 
Report  No.  406-099-063,  Taylor,  R.  R.  and  Poole,  R. ,  1983. 

•  Time  Series  Analysis  for  the  AHIP,  Applied  Psychological 
Services,  1982. 


•  Time  Series  Analysis  for  the  AH-64,  Applied  Psychological 
Services,  1982. 


Analysis  of  Control  and  Coordination  During  Helicopter  Anti- 
Armor  Operations,  Holt,  C.  R.  and  Kelbawi,  F.  S.,  The  Mitre 


Corporation  Report  No.  MTR-82-W00022. 


19 


R-IV-31 


Time  estimates  for  discrete  LHX  performance  elements  were  estimated  Dy 
(a)  locating  tasks  in  the  reference  material  similar  in  content  and 
mission  context  to  the  performance  elements  identified  in  these 
analyses,  and  (b)  using  the  published  times  to  estimate  the  duration  of 
LHX  performance  elements. 

Continuous  performance  elements  do  not  have  an  observable  start 
and  end  point  and  cannot  be  reduced  to  procedures;  mission  requirements 
and  conditions  determine  their  duration.  Examples  are  performance 
elements  that  (a)  require  cyclic,  collective,  and  pedal  movements  for 
controlling  the  helicopter,  (b)  require  continuous  movement  of  sensor 
joysticks  for  tracking  targets,  and/or  (c)  require  continuous 
observation  of  terrain  or  target  areas.  Arbitrary  duration  times  were 
assigned  to  such  performance  elements  for  these  analyses.  The  arbitrary 
times  were  established  by  estimating  the  length  of  time  necessary  to 
accomplish  discrete  performance  elements  occurring  concurrent  with 
functions  composed  of  continuous  performance  elements. 

The  following  procedures  were  used  in  calculating  total  times  for 
functions: 

•  Time  estimates  for  all  performance  elements  were  rounded  off  to 
the  nearest  half  second. 

•  A  transition  time  of  .5  second  was  Inserted  before  each 
performance  element  when  it  was  judged  likely  that  an  aviator 
would  be  in  a  performance  mode  requiring  transition  from  the 
previous  performance  element. 

•  Time  estimates  were  summed  for  all  discrete  performance  elements 
in  the  function. 

•  Transition  times  between  performance  elements  were  added  to  the 
sum. 

•  Time  estimates  for  continuous  performance  elements  judged  to 
overlap  times  for  discrete  performance  elements  were  not  added 
to  the  sum. 
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•  Time  estimates  were  adjusted  to  compensate  for  continuous 
performance  elements  partially  overlapping  discrete  performance 
elements.  The  adjusted  times  were  added  to  che  sum. 

A  worksheet  was  developed  for  recording  the  results  of  the 
function  analyses  (Table  4).  The  verb  and  object  for  the  performance 
element  is  listed  in  the  two  left-hand  columns.  In  some  cases,  the 
object  column  includes  modifying  adjectives  to  provide  additional 
information.  The  numbers  in  the  verb  column  are  the  numeric  identifiers 
used  in  the  computerized  data  file.  The  generic  subsystems  associated 
with  the  performance  elements  are  identified  in  the  SUBSYSTEM  column.  A 
coding  system  (described  below)  consisting  of  one,  two,  or  three  letters 
was  devised  for  identifying  the  subsystems  in  another  computerized  data 
file.  Workload  estimates  are  entered  in  the  next  three  columns.  Short 
descriptors  of  the  sensory,  cognitive,  and  psychomotor  components  are 
entered  in  these  columns.  Beneath  each  verbal  descriptor,  an  alpha¬ 
numeric  code  is  presented  in  parentheses.  The  letters  designate  the 
type  of  workload  component:  V  for  visual,  A  for  auditory,  C  for 
cognitive,  and  P  for  psychcmotor.  The  number  is  the  workload  rating  for 
the  performance  element  (see  Table  3).  The  time  estimates  for  each 
performance  element  are  listed  (in  seconds)  in  the  DURATION  column;  this 
column  also  indicates  whether  the  performance  element  is  discrete  or 
continuous.  The  COMMENTS  column  was  used  in  the  initial  analyses  to 
record  total  function  time.  However,  in  this  report,  the  column 
contains  the  decision  rules  written  to  instruct  the  computer  programmer 
on  how  to  assemble  the  function  from  the  performance  elements  in  the 
data  fire.  Function  analysis  worksheets  for  the  58  mission  functions 
are  found  in  Appendix  C. 
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The  last  step  in  the  function  analysis  was  to  review  the  58  ! 

function  analysis  worksheets  and  decide  how  workload  could  be  reduced  by  i 

distributing  crew  functions  between  two  pilots.  The  rule  adopted  for 
distributing  crew  functions  is  simple:  flight  control  functions  were 
assigned  to  one-crewmember  and  support  and  mission  functions  were 
assigned  to  the  other  crewmember.  ^ 

The  function  analyses  (Appendix  C)  were  reviewed  and  divided  into 
three  groups.  Twelve  function  analyses  with  flight  control  performance 

elements  were  assigned  to  the  pilot  group.  Forty  support  and  mission 

functions  were  assigned  to  the  copilot  group.  Thus,  52  of  the  function 
analyses  were  divided,  with  flight  control  functions  assigned  to  one 
crewmember  and  support  and  mission  functions  assigned  to  a  second 
crewmember.  The  third  group  of  six  function  analyses  was  judged  to  have 
performance  elements  likely  to  be  performed  by  both  crewmembers. 

The  12  function  analysis  worksheets  in  the  flight  control  group 
are  annotated  "Pilot"  on  the  METHOD  line.  The  40  function  analysis 

worksheets  in  the  support  and  mission  group  are  annotated  "Copilot"  on 

the  METHOD  line.  The  six  worksheets  for  functions  judged  to  have 
performance  elements  performed  by  both  crewmembers  are  annotated  "Both" 
on  the  METHOD  line.  The  performance  elements  in  these  six  function 
analyses  have  been  further  annotated  to  indicate  whether  the  performance 
element  is  likely  to  be  performed  by  the  pilot,  by  the  copilot,  or  by 
both. 
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Tabulation  of  Concurrent  and  Sequential  Workload  Demands 


The  primary  objective  of  these  analyses  was  to  provide  a  data  base 
for  use  in  estimating  the  crew  workload  demand  for  different  LHX 
configurations:  single  versus  dual  crewmember,  and  various  levels  of 
automation.  The  estimates  of  workload  and  the  estimates  of  performance 
time  provide  the  desired  data  base  at  the  performance-element  level  of 
specificity.  The  data  base  can  De  used  to  estimate  excessive  workload 
caused  either  by  (a)  time  pressure  from  sequential  performance  elements 
or  (b)  competing  demands  from  concurrent  performance  elements.  These 
analyses  attended  to  the  competing  demands  from  concurrent  performance 
elements.  Worksheets  were  developed  for  tabulating  the  three  components 
of  workload  and  for  identifying  the  concurrent  demands  placed  on  the 
operator.  A  sample  worksheet  entitled  "Summary  of  Concurrent  and 
Sequential  Workload  Demands"  is  presented  in  Table  5. 

The  summary  of  concurrent  and  sequential  workload  demands 
worksheet  retains  the  basic  format  of  the  Segment  Summary  Worksheet 
(Table  2).  The  worksheet  consists  of  four  main  sections.  Three 
sections  correspond  to  the  major  function  categories  of  flight  control, 
support,  and  mission.  The  fourth  section  presents  the  sum  of  the 
workload  components  across  the  columns.  Each  section  is  further  divided 
into  (a)  a  column  for  identifying  the  function,  and  (b)  four  small 
columns  headed  by  the  letters  V  (visual),  A  (auditory),  C  (cognitive), 
and  P  (psychomotor).  Vertically  the  worksheet  is  a  cumulative  timeline 
with  10-second  increments. 
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TABLE  5 


SUMMARY  OF  CONCURRENT  AND  SEQUENTIAL 
WORKLOAD  DEMANDS — SINGLE  CREWMEMBER 


Phase  TARGET  SERVICE,  AIR-TO-AIR 


Seeir.ent  24:  ACQUISITION 

Method  FREE 

SEARCH 

TOTAL 

FLIGHT 

SUPPORT 

MISSION 

CONCURRENT 

CUM, 

SECS. 

Function 

V 

A 

C 

P 

Function 

V 

A 

C 

— 

P 

Function 

— 

V 

A 

C 

P 

V 

A 

C 

— 

P 

10 

25 

2 

1 

4 

06 

5 

2 

7 

3 

4 

20 

54 

2 

1 

4 

2 

1 

4 

30 

2 

2 

4 

35 

2 

2 

2 

4 

2 

4 

4 

40 

2 

. - 

2 

4 

32 

1 

3 

4 

3 

«; 

V 

8 

50 

2 

2 

4 

4 

4 

4 

6 

6 

8 

60 

2 

2 

4 

15 

4 

6 

4 

6 

3 

8 

V/ 

70 

2 

2 

4 

' 

2 

4 

4 

6 

4 

80 

2 

2 

4 

49 

5 

1 

4 

3 

7 

1 

6 

7 

90 

2 

2 

4 

27 

3 

3 

4 

5 

5 

8 

90 

100 

2 

2 

4 

4 

5 

4 

6 

7 

8 

110 

2 

2 

4 

20 

4 

1 

4 

9 

6 

12 

120 

2 

2 

4 

6 

6 

4 

11 

11 

12 

130 

2 

2 

4 

7 

2 

9 

4 

* 

140 

150 

V 

160 

170 

180 

— J 

_ 
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The  summary  of  concurrent  and  sequential  workload  demand 
worksheets  enables  reassembly  of  the  functions  in  the  sequence  and 
relative  time  locations  originally  laid  out  on  the  Segment  Summary 
Worksheets.  Within  the  FUNCTION  column,  each  function  is  identified  by 
a  two-digit  number.  The  identification  number  corresponds  to  the 
function  identification  number  listed  in  the  table  of  contents  for 
Appendix  C;  this  number  also  appears  on  the  corresponding  function 
analysis  worksheet.  The  summary  worksheets  present  the  results  of  the 
functional  analyses  by  depicting  the  workload  estimates  (from  the 
functional  analysis  worksheets)  in  the  columns  V,  A,  C,  and  P.  The  time 
estimates  produced  during  the  functional  analyses  were  used  to  estimate 
the  peak  demand  for  each  workload  component  during  each  10-second 
interval.  By  presenting  workload  components  for  each  10-aecond 
interval,  a  sequential  account  of  workload  was  developed  throughout  each 
segment.  Total  demand  placed  on  the  operator  for  each  modality  (V,  A, 
C,  ?)  during  each  10-second  interval  is  estimated  by  summing  across 
corresponding  entries  to  arrive  at  the  totals  in  the  right-hand  column. 

During  the  manual  analyses,  a  summary  of  concurrent  and  sequential 
workload  demands  worksheet  was  developed  for  each  of  the  29  segments. 
They  are  presented  in  Appendix  D. 

The  summaries  are  helpful  indications  of  where  a  single  operator's 
workload  capacity  may  be  exceeded.  The  numbers  representing  workload 
are  best  interpreted  in  relation  to  the  verbal  anchors  shown  in  Table  3. 
For  these  analyses,  level  7  was  judged  to  be  the  upper  boundary  of  human 
capacity  in  any  single  modality.  Level  8  was  judged  to  be  an  overload 
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condition.  Any  value  of  8  or  higher  in  the  summation  column  was  judged 
to  be  an  overload  condition  for  these  analyses. 

The  summary  tables  (Appendix  D)  were  revised  to  depict  the  reduced 
workload  that  results  from  distributing  the  crew  functions  to  two 
crewmembers;  the  revised  summary  tables  are  presented  in  Appendix  E. 
The  format  was  revised  by  dividing  the  cells  with  diagonal  lines. 
Numbers  to  the  left  of  the  diagonal  line  represent  workload  demands  on 
the  pilot;  numbers  to  the  right  of  the  diagonal  line  represent  workload 
demands  on  the  other  crewmember.  The  timeline  and  basic  organization  of 
the  summary  tables  were  retained  to  enable  direct  comparison  between  the 
one-crewmember  analysis  and  the  two-crewmember  analysis. 

COMPUTER  ANALYSES 

From  the  start  of  the  manual  analyses  in  July  1983,  plans  were 
being  formulated  for  development  of  computer  programs  and  data  files 
that  would  enable  rapid  analysis  of  various  equipment  automated  options 
for  the  LHX  crew  functions  and  for  comparison  of  the  one-  and  two- 
crewmember  configurations.  Plans  called  for  using  the  ARI  Field  Unit's 
Perkin-Elmer  mini  computer.  FORTRAN  77  was  chosen  as  the  program 
language  for  the  computerization  effort. 

The  LHX  trade-off  studies  being  conducted  by  the  Army  require 
several  additional  analyses  to  evaluate  design  alternatives.  Data 
automation  provides  the  capability  to  perform  such  analyses  rapidly  and 
accurately.  The  workload  estimates  produced  during  the  manual  analyses 
provide  available  data.  This  section  describes  the  steps  taken  to  (a) 
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enter  the  data  into  a  computer  data  base,  and  (b)  program  the  computer 
to  perform  the  one -crewmember  and  two-crewmember,  no  automation 
analyses. 

Work  on  the  computer  analyses  began  on  1  October  1983.  Prelimi¬ 
nary  coding  strategies,  coding  programs,  data  entry  programs,  and  input 
formats  were  agreed  upon  on  2  October.  The  coding  strategies,  input 
formats,  and  computer  programming  efforts  were  directed  at  replicating 
the  manual  analyses  of  the  one-crewraember ,  no  automation  configuration. 
Inconsistencies  in  terminology,  time,  and  workload  estimates  from  the 
manual  analyses  were  resolved  and  standardized  while  planning  for  the 
data  entry  programs.  Several  data  files  were  created  as  follows: 

•  a  list  of  verbs  and  objects, 

•  a  list  of  performance  elements  with  estimates  of  workload  and 
time, 

•  a  list  of  functions, 

•  a  list  of  segments,  and 

•  a  list  cf  subsystem  identifiers. 

The  manual  analyses  were  developed  using  a  top-down  approach. 
That  is,  the  analyses  started  with  the  identification  of  the  missions 
and  followed,  top  down,  through  the  phases,  segments,  and  functions  to 
the  performance  element  level.  For  the  computer  analyses,  a  tottom-up 
approach  was  adopted,  with  the  performance  elements  serving  as  the  basic 
elements  of  analysis. 

The  time  estimates  for  all  of  the  performance  elements  were 
rounded  off  to  the  nearest  half  second  and  a  program  was  developed  to 
produce  a  half-second  timeline.  The  half-second  timeline  enables 
sequencing  of  the  performance  elements  so  that  their  appearance  on  the 
timeline  closely  resembles  where  they  would  likely  appear  in  real 


flight.  Thus,  the  half-second  timeline  provides  an  opportunity  to  build 
towards  a  computer  simulation  of  the  LHX  mission  segments.  The  next 
steps  were  to  write  decision  rules  for  building  functions  from  the 
performance  elements,  and  subsequently,  for  building  mission  segments 
from  the  functions. 

Decision  Rules  for  Building  Functions  From  Performance  Elements 

Decision  rules  were  written  for  each  of  the  58  functions.  They 
are  presented  in  the  Comments  column  on  the  function  analyses  worksheets 
shown  in  Appendix  C.  Decision  rules  for  discrete  performance  elements 
define  the  sequence  in  which  the  performance  elements  are  to  be 
programmed.  Consider,  for  example.  Function  01,  Acquire  Position  Data 
(see  page  C-4)  .  The  three  performance  elements,  "Align  Sight  Reticle," 
"Activate  Laser  Range  Finder,"  and  "Note  Coordinates,"  are  discrete  and 
would  most  likely  be  performed  in  the  sequence  presented.  Thus,  the 
decision  rule  simply  states,  "program  performance  elements  16,  4,  and 
122  in  sequence." 

Continuous  performance  elements  have  no  definite  start  and/or 
completion  time  and  often  overlap  other  performance  elements.  Programs 
employing  probability  statements  were  developed  so  thac  performance 
elements  likely  to  occur  at  the  same  time  can  be  presented  at 
alternating  half-second  intervals  in  accordance  with  a  designated 
probability  of  occurrence.  Decision  rules  incorporating  this  feature 
were  written  when  judged  appropriate.  Function  09,  Check  Sighting  (see 
page  0-  12)  can  be  used  as  an  example.  The  first  two  performance 
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elements,  "Monitor  Surroundings,"  and  "Survey  Approaches  to  the  AO," 
would  normally  be  performed  alternately  throughout  the  20-second  time 
period.  The  decision  rule,  "Alternate  PE's  111  and  192  randomly  at 
half-second  intervals,  .50  probability,"  dictates  that  the  computer 
randomly  select  one  of  the  two  performance  elements  each  half  second. 

The  decision  rules  also  enable  performance  elements  to  be 
introduced  at  random  times.  An  example  is  Function  18,  "Establish 
Position"  (page  C-21).  Performance  elements  "Check  Position"  (number 
55)  and  "Check  Obstacle  Clearance"  (number  43)  would  normally  occur  when 
necessary  as  an  interruption  to  the  performance  elements  "Maintain 
Obstacle  Clearance"  and  "Follow  Course."  The  decision  rule  "Interrupt 
at  a  randomly  determined  time  with  one  sequence  of  performance  elements 
53  and  43  for  15.5  seconds..."  dictates  that  the  interruption  occurs  at 
a  randomly  determined  time. 


Decision  Rules  for  Building  Segments  From  Functions 

More  complex  decision  rules  were  needed  to  provide  the  necessary 
degree  of  realism  in  building  segments  from  functions.  The  gereral 
guidelines  listed  below  were  followed  in  formulating  the  decision  rules: 

•  A  flight  control  function  must  always  be  present  throughout  the 
segment  timeline. 

•  Function  duration  must  be  specified  in  every  case. 

•  If  a  designated  mission  or  support  function  cannot  be  completed 
during  the  time  period  designated  for  a  mission  segment,  the 
mission  segment  (and  the  flight  control  function)  must  be 
extended  for  the  amount  of  time  needed  to  complete  that  mission 
or  support  function.  Extend  the  time  by  selecting  a  single 
performance  element  in  the  function.  (Performance  element 
"Stabilize  aircraft"  was  the  performance  element  chosen  most 
often  for  the  time  extension.) 
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•  Flight  control  functions  cannot  overlap  temporally. 

•  The  onset  of  all  mission  and  support  functions  must  correspond 
with  the  temporal  relationships  specified  on  the  segment  summary 
worksheet . 

•  The  duration  of  all  support  functions  and  mission  functions  must 
correspond  witn  the  durations  specified  on  the  corresponding 
function  analysis  worksheets. 

•  To  the  greatest  extent  possible,  the  onset  of  support  functions 
must  be  adjusted  to  minimise  workload  and  to  avoid  generating  an 
overload  condition. 

•  The  onset  of  mission  functions  must  be  dictated  solely  by 
mission  requirements. 

The  decision  rules  developed  for  building  the  29  mission  segments 
for  the  one-crewmember  analysis  are  presented  in  Appendix  F;  the 
decision  rules  developed  for  the  two-crewmember  analysis  are  presented 
in  Appendix  G.  The  decision  rules  for  building  segments  from  functions 
include  rules  for  the  random  selection  of  certain  functions  and  rules 
for  commencing  certain  functions  at  a  randomly  determined  time. 


Subsystem  Codes 

The  LHX  Mission  Equipment  Package  (MEP)  was  used  as  a  guide  in 
classifying  subsystems  and  in  devising  a  subsystem  coding  strategy.  In 
this  way,  the  subsystems  identified  in  the  analysis  are  loosely  tied  to 
the  subsystem  classification  being  used  in  the  LHX  trade-off  analyses. 
The  major  categories  of  subsystems  in  the  MEP  are: 

•  communications, 

•  navigation, 

•  flight  <  nntrol , 

•  target  acquisition, 

•  aircraft  survivability  equipment  (electronic) , 

•  night  vision  pilotage,  and 

•  controls  and  displays. 
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The  major  classes  of  subsystems  used  in  the  computer  analyses  are  listed 
below. 

•  communication  (C)  , 

•  navigation  (N) , 

•  flight  control  (F), 

»  fire  control  (I) , 

•  target  acquisition  (A), 

•  aircrafc  survivability  equipment  (S'), 

•  displav  subsystem  (D) , 

•  life  support  system  (L) , 

•  personal  equipment/cockpit  items  (P),  and 

•  visual  field  unaided  (V). 

The  letter  shown  in  parentheses  is  the  first  letter  of  the  subsystem 
identifier  code.  A  second  and  third  letter  was  added  to  the  first 
letter  as  necessary  to  identify  the  subsystem  listing  associated  with 
the  performance  elements.  Table  6  lists  the  codas  and  the  associated 
subsystems 

The  subsystem  codes  were  entered  in  the  performance  element  data 
file  so  that  they  can  be  readily  identified  when  a  performance  element 
contributes  to  an  overload  condition. 

Programming  the  Computer 

Computer  programs  were  developed  to  ensure  that  (a)  the  onset  and 
duration  of  functions  adhere  to  the  decision  rules  established  for 
building  mission  segments  from  functions,  and  (b)  the  onset  and  duration 
of  performance  elements  adhere  to  the  rules  established  fcr  building 
functions  from  performance  element.?.  The  results  of  the  manual  analyses 
were  used  to  validate  the  computer  programs.  Printouts  of  the  mission 
segments  were  compared  with  the  summaries  of  concurrent  and  sequential 
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TABLE  6 

SUBSYSTEM  CODES  FOR  GENERIC  SUBSYSTEMS  IDENTIFIED  IN  THE  MISSION  ANALYSIS 
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workload  demands  produced  during  the  manual  analysis.  Tn  some  instances 
it  was  necessary  to  modify  the  computer  programs  and  decision  rules  to 
make  the  computerized  segment  summary  correspond  with  the  manually 
generated  summary  of  concurrent  and  sequential  workload  demands. 

The  extent  of  the  programming  load  was  underestimated  when  the 
computerization  effort  began.  Originally,  it  was  estimated  that  between 
75  and  100  programs  would  be  required  to  computerize  the  one-crewmember 
analysis.  However,  170  separate  programs  were  required  before  the 
computerization  was  completed.  Programs  provided  both  an  80  column 
terminal  screen  presentation  and  a  132  column  paper  printout  program. 
The  screen  program  lists  only  function  numbers,  whereas  the  print 
program  lists  the  full  names  of  segments,  functions,  and  performance 
elements. 

For  the  two-crewmember  analyses,  220  separate  programs  were 
required  to  complete  the  computerization.  The  programs  provide  two 
132-column  paper  printout  programs,  one  for  the  pilot  and  one  for  the 
copilot.  No  terminal  screen  programs  were  written  for  the  two 
crewmember  analysis.  The  features  in  the  print  programs  are  presented 
in  the  Results  section  of  this  report. 
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RESULTS 


Appendix  II  is  the  computer  printout  generated  by  the  computer 
analysis  of  the  one-crewmember,  no-automation  LHX  configuration. 
Appendix  I  is  the  computer  printout  generated  by  the  analysis  of  the 
two-crewmeraber ,  no-automation  configuration.  This  section  begins  with  a 
detailed  explanation  of  (a)  the  printout's  format,  (b)  the  manner  in 
which  the  printouts  can  be  used  to  identify  mission  conditions  resulting 
in  probable  pilot  overload,  and  (c)  the  manner  in  which  the  printout  can 
be  used  to  identify  candidate  subsystems  for  automation.  The  remainder 
of  the  section  describes  (a)  the  types  and  frequencies  of  overload 
conditions  revealed  by  the  analyses,  and  (b)  the  degree  of  automation 
required  to  eliminate  overload  conditions. 


THE  PRINTOUT  FORMAT 
One-Crewmeaber  Configuration 

A  sample  page  from  the  one-crewmember  printout  is  presented  in 
Table  7,  This  page  was  selected  from  the  computerized  version  of  the 
segment  presented  in  Table  2  and  again  in  Table  6:  Engagement, 
Air-to-Air,  From  Masked  Position.  This  allows  some  comparison  among  the 
Segment  Summary  Worksheet,  the  Summary  of  Concurrent  and  Sequential 
Workload  Demands,  and  the  computer-generated  data  depicted  on  the 
printouts.  Following  is  a  step-by-step  explanation  of  the  printout 
format.  The  numbers  used  in  the  following  subheadings  correspond  with 
the  circled  numbers  in  Table  7. 
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1.  SEGMENT  NUMBER.  For  convenience,  the  segments  have  been 
numbered  from  one  through  29.  The  sequence  of  the  segments  is  of  no 
consequence  in  this  analysis.  The  segments  stand  alone.  The  segment 
number  is  repeated  at  the  top  of  each  page  through  the  printout.  A 
segment  always  starts  at  the  top  of  a  page. 

2.  SEGMENT  TITLE.  The  segment  title  always  appears  on  the  line 
directly  beneath  the  segment  number.  Standardized  segment  titles  appear 
on  the  segment  summary  worksheets,  the  summaries  of  concurrent  and 
sequential  workload  demands,  and  the  computer-generated  segments 
presented  on  the  printout. 

3.  FLIGHT,  SUPPORT,  MISSION,  TOTAL,  and  SUBSYSTEMS.  The 
headings  FLIGHT,  SUPPORT,  and  MISSION  identify  the  columns  that  list 
flight  control  functions,  support  functions,  and  mission  functions, 
respectively.  The  heading  TOTAL  identifies  the  column  in  which  the 
workload  estimates  are  summed  across  performance  elements.  The  heading 
SUBSYSTEMS  identifies  the  columr  in  which  subsystem  codes  are  printed 
when  overload  conditions  occur. 

4.  CUM.  SECS.,  PERFORMANCE  ELEMENTS,  V  A  C  P,  and  F  S  M.  The 
beading  CUM.  SECS. — an  abbreviation  for  cumulative  seconds — identifies 
the  column  in  which  the  timeline  is  presented.  The  timeline  is 
cumulative  from  the  beginning  to  the  end  of  the  segment.  The  timeline 
is  explained  further  in  paragraph  7  below. 

The  heading  PERFORMANCE  ELEMENTS  is  repeated  three  times  on  this 
line.  The  first  of  the  three  headings  identifies  the  column  that  lists 
the  performance  elements  that  appear  within  flight  control  functions. 
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The  second  heading  identifies  the  column  that  lists  performance  elements 
that  appear  within  support  functions.  Performance  elements  that  anpear 
in  mission  functions  are  listed  in  the  last  of  the  three  columns. 


The  letters  V,  A,  C,  and  P  are  abbreviations  for  Visual,  Auditory, 
Cognitive,  and  Psychomotor.  Note  that  the  set  of  four  abbreviations  is 
repeated  four  times  on  the  same  line.  The  first  three  sets  identify 
columns  that  list  estimates  of  workload  components  (visual,  auditory, 
cognitive,  and  psychomotor)  for  the  associated  function  class  (flight 
control,  support,  or  mission).  The  fourth  set  identifies  the  columns 
that  list  the  sum  of  the  workload  values  (summed  across  function 
classes) . 

The  letters  F,  S,  and  M  are  abbreviations  for  flight  control, 
support,  and  mission.  They  are  headings  for  columns  in  which  subsystem 
codes  are  listed  when  overload  conditions  occur.  The  three  columns 
enable  sorting  the  overload  conditions  into  flight  control,  support  or 
mission  categories.  See  paragraph  15  below  for  additional  information. 

5.  FUNCTION  NUMBER.  This  data  element  identifies  the  number  of 
the  function  being  analyzed.  The  functions  are  numbered  from  one 
through  58.  The  numbers  are  merely  identifiers;  they  do  not  indicate 
the  order  in  which  the  functions  are  performed  in  the  mission  segment 
being  analyzed.  The  function  nuraber(s)  appear  on  all  printout  pages. 
The  function  number  may  indicate  the  start  of  the  function,  as  in  the 
case  of  the  first  page  of  each  segment,  or,  as  shown  in  Table  7,  may 
indicate  functions  continuing  from  the  previous  page.  The  cumulative 
timeline  is  interrupted  to  present  the  function  number  and  function 
title  each  time  a  new  function  starts  in  the  middle  of  a  page. 
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6.  FUNCTION  TITLE.  Function  titles  are  presented  on  the  line 
directly  beneath  the  function  number.  The  function  titles  correspond  to 
the  titles  on  the  respective  function  analysis  worksheets  presented  in 


Appendix  C. 

7.  TIME.  The  cumulative  timeline  is  presented  in  half-second 
increments.  The  line  presented  as  an  example  is  at  the  108.5-second 
point  in  the  segment  sequence. 

3.  PERFORMANCE  ELEMENT.  The  circled  number  "8"  in  Table  7  is 
placed  adjacent  to  the  first  performance  element  from  a  flight  control 
function. 

9.  WORKLOAD  ESTIMATES.  At  point  9  on  the  printout,  the  four 
columns  of  numbers  represent  the  workload  estimates  for  the  associated 
performance  element;  in  this  case,  Check  Clearance.  The  values 
correspond  to  the  estimates  presented  on  the  function  analysis  worksheet 
(see  Appendix  C) . 

10.  TIMELINE.  Although  the  program  computes  segment  timelines  in 
half-second  increments,  a  line  is  printed  only  when  a  performance 
element  changes  or  when  an  overload  condition  (see  paragraph  14)  is 
present.  The  time  "130.0"  indicates  that  a  new  performance  element — 
Check  Systems — started  130.0  seconds  cter  the  onset  of  the  mission 
segment.  The  performance  element,  c.eck  Clearance,  starts  at  time 
129.0,  continues  up  to  time  130.0,  and  then  continues,  accompanied  by 
the  performance  element  Check  Systems,  until  time  131.5. 
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11.  PERFORMANCE  ELEMENT.  The  performance  element.  Adjust  Power, 
Is  the  first  example  in  Table  7  of  a  performance  element  from  a  support 


function. 

12.  TOTAL  WORKLOAD.  Whenever  two  or  three  performance  elements 
appear  on  the  same  line,  the  workload  estimates  are  summed  and  presented 
in  the  ^otal  column.  In  this  example,  the  cognitive  value  "2"  for  the 
Check  Clearance  performance  element  is  added  to  the  cognitive  value  ''l" 
for  the  Adjust  Power  performance  element,  resulting  in  a  value  of  "3" 
for  the  total  estimate  of  the  cognitive  workload  component. 

13.  PERFORMANCE  ELEMENT.  The  performance  element,  Align  Reticle, 
is  the  first  example  in  Table  7  of  a  performance  element  from  a  mission 
function. 

14.  TOTAL  WORKLOAD  INDICATING  AN  OVERLOAD  CONDITION.  As  stated 
above,  the  workload  estimates  from  concurrent  performance  elements  are 
summed  and  presented  in  the  TOTAL  column.  In  this  example,  the  psycho¬ 
motor  value  "4"  for  tlv*  performance  element.  Increase  Altitude,  is  added 
to  the  psychomotor  value  "4"  for  the  performance  element.  Align  Reticle, 
resulting  in  a  v.f  lue  of  "8"  for  the  total  estimate  of  the  psychomotor 
workload  component.  Any  value  of  8  or  higher  in  the  total  workload 
columns  is  considered  an  overload  condition. 

15.  SUBSYSTEM  IDENTIFIERS.  Whenever  an  overload  condition  occurs 
(as  described  in  paragraph  14),  identifier  codes  for  the  subsystems 
associated  with  the  performance  elements  are  listed  on  the  printout. 
The  subsystem  identifier  codes  are  presented  in  Table  6. 
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An  Illustrative  Example 

The  printout  enables  rapid  identification  of  mission  conditions 

likely  to  result  in  pilot  overload  and  of  candidate  subsystems  for 

automation.  The  presence  of  subsystem  identifier  codes  on  a  timeline 

indicates  that  an  overload  condition  exists  at  that  point  in  time.  The 

/ 

other  data  elements  on  the  printout  identify  the  workload  components  (V, 
A,  C,  P)  that  contribute  to  the  overload,  and  the  performance  elements 
and  functions  within  which  the  overload  condition  occurs. 

Consider  as  an  example  the  two  subsystem  codes  FVD  and  ACS 

adjacent  to  the  number  15  in  Table  7.  These  two  codes  signal  the 
presence  of  an  overload  condition.  This  is  confirmed  by  the  number  8  in 
the  psychomotor  column  for  the  total  workload.  The  code  FVD  indicates 
that  the  overload  condition  is  associated  with  the  subsystem  '  'light 
controls,  visual  scene,  display";  the  code  ACS  indicates  that  the 

overload  is  also  associated  with  the  subsystem  "acquisition  sensor 

controls/sight."  (See  Table  6  for  a  complete  listing  of  subsystem 
identifier  codes.)  The  code  FVD  is  located  in  the  "F"  (flight  control) 
columr,  and  the  code  ACS  is  located  in  the  "M"  (mission)  column.  The 
location  of  the  codes  indicates  that  the  overload  is  associated  u'ith  a 
flight  control  function  and  a  mission  function.  The  associated 
performance  elements  are:  Increase  Altitude  and  Align  Reticle.  The 
performance  elem  ,;c  Increase  Altitude  is  associated  with  the  mission 
function  Unmask  Sensor  (FN  No.  54);  the  performance  element  Align 
Reticle  s  associated  with  the  mission  function  Track  Target.  Thus,  it 
can  be  seen  that  the  pilot  is  increasing  altitude,  using  the  flight 
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controls  and  the  visual  scene  to  unmask  the  aircraft;  he  is  simul¬ 
taneously  manipulating  the  acquisition  sensor  controls  to  align  the 
sight  reticle,  preparatory  to  tracking  a  target.  The  combined  psycho¬ 
motor  workload  demands  from  the  flight  controls  and  the  acquisition 
sensor  sight  control  constitute  a  probable  psychomotor  overload.  The 
two  subsystems,  flight  controls  and  acquisition  sensor  sight  controls 
are  candidates  for  automation. 

Two-Crewmember  Configuration 

The  basic  printout  format  for  the  one-crewmember  analysis  was 
retained  for  the  two-crewmember  analysis.  However,  the  132-column 
limitation  necessitated  development  of  separate  pilot  and  copilot 
printouts.  The  print  programs  were  developed  so  that  separate  pilot  and 
copilot  printout  pages  can  be  placed  side  by  side  to  depict  concurrent 
timelines  throughout  the  segment.  Table  8  is  a  sample  page  from  the 
pilot  printout.  Table  9  is  a  sample  page  from  the  copilot  printout. 

The  selected  printout  pages  are  again  from  the  segment  depicted  in 
Table  2,  Table  5,  and  Table  7,  Engagement,  Air-to-Air  From  Masked 
Position.  Note  that  the  timelines  are  concurrent  in  the  two  tables. 
They  both  start  at  112.0  seconds  and  end  at  254.5  seconds.  The  timeline 
in  Table  7,  running  from  108.5  to  185.5  is  encompassed  by  the  timeline 
in  Tables  8  and  9,  enabling  comparisons  between  the  one-  and  two- 
crewmember  analyses. 

Note  that  the  pilot  printout  lists  only  performance  elements  from 
flight  control  and  support  functions.  There  are  no  instances  in  the 
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TABLE  8 

SAMPLE  PRINTOUT  FROM  THE  TWO -CREWMEMBER  ANALYSIS- -PILOT 


/ 


TABLE  9 

SAMPLE  PRINTOUT  “.DM  THE  TWO-CREWMEMBER  ANALYSIS- -COPILOT 


entire  two-crewmember  analysis  when  the  pilot  performs  a  mission 
function.  However,  the  copilot  printout  lists  performance  elements  from 
flight  control,  support,  and  mission  functions.  A  function  entitled 
"Standby"  was  created  to  indicate  timelines  in  the  flight  control  column 
when  the  copilot  is  idle.  The  subheading  explanations  in  numbered 
paragraphs  1  through  15  (above)  apply  to  the  subheadings  in  both  the 
pilot  and  copilot  printouts. 


WORKLOAD  TABULATIONS 

For  individuals  who  must  make  final  decisions  about  the  LHX 
design,  there  is  no  substitute  for  a  careful  study  of  the  printouts 
generated  by  the  computer  analysis.  However,  data  tabulations  provide 
insights  that  are  difficult  to  gain  through  study  of  the  printouts 
alone.  Consideration  of  a  host  of  tabulation  methods  led  project 
personnel  to  conclude  that  there  is  no  single  method  that  adequately 
conveys  the  full  range  of  findings.  Hence,  a  decision  was  made  to 
present  tabulations  for  four  different,  but  related,  indexes  of  the 

extent  of  operator  overload: 

•  overload  conditions, 

•  overloads, 

•  overload  density,  and 

•  subsystem  overloads. 

Definitions  of  these  Indexes  and  descriptions  of  the  methods  to  count 
them  are  presented  below,  along  with  the  resulting  data. 

Frequency  of  Overload  Conditions 

By  definition,  an  overload  condition  is  a  situation  in  which  some 
form  of  operator  overload  (one  or  more  "8"s  in  the  TOTAL  column)  is 
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present.  Simple  counts  of  the  overload  conditions  encountered  during  a 
mission  segment  provide  a  useful  index  of  the  presence  and  magnitude  of 
a  workload  problem  for  that  mission  segment.  A  comparison  of 
overload-condition  counts  for  different  mission  segments  provides  a 
rough  notion  of  the  mission  segments  for  which  the  woricload  problem  is 
most  severe.  Before  presenting  data  on  overload  conditions,  it  is 
necessary  to  describe  the  rules  adhered  to  in  counting  the  frequency  of 
overload  conditions. 

It  was  concluded  that  it  would  be  misleading  to  merely  count  the 
number  of  one-half-seccr.d  timelines  in  which  some  form  of  overload  is 
present;  in  other  words,  frequency  and  duration  would  be  confounded. 
Such  a  count  would  reflect  both  the  frequency  and  duration  of  overload 
conditions.  For  instance,  a  count  of  50  would  reflect  either  (a)  a 
single  overload  condition  that  persists  for  25  seconds  (50  lines),  or 
(b)  five  different  overload  conditions  that  last  five  seconds  (10  lines) 
each.  It  was  concluded  that  a  more  meaningful  index  is  a  cou..t  of  only 
the  frequency  of  overload  conditions.  The  rules  adhered  to  in  counting 
overload  conditions  are  as  follows: 

•  Beginning  at  th-  start  of  a  mission  segment,  an  overload 
condition  is  counted  on  the  first  instance  in  which  a  value  of 
"8"  or  higher  is  present  in  the  TOTAL  columns  of  the  printout. 

•  Thereafter,  anothe  overload  condition  is  counted  each  time 
there  is  one  or  more  values  of  "8"  or  higher  in  the  TOTAL 
columns  and  there  is  a  change  (from  the  previous  overload 
condition)  in  (a)  the  verb  or  object  of  either  a  support  or 
mission  performance  element,  (b)  the  numerical  values  in  the 
TOTAL  columns,  or  (c)  the  subsystem  identifier. 

In  short,  an  overload  condition  is  counted  any  time  a  new  type  of 

overload  is  encountered  in  the  TOTAL  columns  of  the  printout. 
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The  frequencies  of  overload  conditions  for  the  one-crewmember  and 
the  two-crewmember  configuration  are  shown  in  Table  10.  Table  10  3hows 
both  (a)  frequencies  by  mission  segment,  and  (b)  frequencies  summed 
across  mission  segments.  First  compare  total  overload  conditions  for 
the  one-crewmember  and  the  two-crewmember  configurations.  As  would  be 
expected,  the  total  overload  conditions  for  the  one-crewmember  configu¬ 
ration  (263  overload  conditions)  is  far  greater  than  for  the  two- 
crewmember  configuration  (43  overload  conditions).  This  result 
indicates  that,  with  no  automation,  operator  overload  is  likely  to  be  a 
far  more  severe  problem  for  the  one-crewmember  configuration  than  the 
two-crewmember  configuration. 

Next,  examine  the  overload  conditions,  by  mission  segment,  for  the 
one-crewmember  configuration.  It  is  clear  that  the  operator  overload 
problem  is  not  unique  to  any  one  or  small  number  of  mission  segments. 
There  is  no  mission  segment  that  has  fewer  than  two  overload  conditions; 
there  is  one  mission  segment  (Segment  5)  during  which  21  overload 
conditions  occur.  Abouc  50%  of  the  mission  segments  have  10  or  more 
overload  conditions.  Furthermore,  high  frequencies  of  overload  condi¬ 
tions  tend  to  occur  during  mission  segments  in  which  the  consequences  of 
operator  overload  is  most  severe — with  respect  to  crew  safety  and 
mission  success. 

The  dramatic  reduction  from  263  to  43  overload  conditions  in  the 
two-crewmember  analysis  is  evident  when  examining  the  overload 
conditions  by  mission  segment.  Overload  conditions  are  eliminated 
completely  in  14  segments,  by  the  addition  of  a  second  crewmember. 


TABLE  10 


FREQUENCY  OF  OVERLOAD  CONDITIONS  BY  MISSION  SEGMENT: 
ONE-CREWMEMBER  AND  TWO-CREWMEMBER  CONFIGURATIONS  WITH  NO  AUTOMATION 


SEGMENT 

NUMBER  OF 

OVERLOAD  CONDITIONS 

NUMBER 

IllLfci 

TWO-CREW¬ 

MEMBERS 

1 

RECONNAISSANCE  PHASE 

Bomb  Damage  Assessment 

5 

0 

2 

Evade  Radar  Lock-On 

3 

1 

3 

Reconnaissance,  General 

14 

3 

4 

Record  Sightings 

10 

2 

5 

Tactical  Movement 

21 

3 

6 

Transmit  Report,  Digital 

4 

0 

7 

TARGET  SERVICE,  GROUND 

Acquisition,  Auto  Search 

12 

3 

8 

Acquisition,  From  Laser  Cucin 

2 

1 

9 

Adjustments,  Area  Weapons,  Digital 

4 

1 

10 

Adjustments,  Area  Weapons,  Voice 

3 

1 

11 

Designate  for  PCM 

12 

7 

12 

Engagement,  Air-to-Ground,  Autonomous,  LOAL 

15 

1 

13 

Engagement,  Ground  Target,  Autonomous,  LOBL 

18 

5 

14 

Engagement,  Ground  Target,  Remote  Designation 

8 

0 

15 

Engagement,  Soft  Targets,  Cannon  Fire,  Hover 

7 

0 

16 

Engagement,  Soft  Targets,  FFAR,  Direct 

8 

0 

17 

Handoff,  Ground  Target,  Digital 

5 

0 

18 

Handoff,  Ground  Target,  Voice 

7 

0 

Handoff  Target,  Laser  Cueing 

5 

0 

Holding  Checks 

11 

0 

Overwatch 

11 

0 

?2 

Receive  Handoff,  Voice 

2 

0 

23 

Team  Coordination 

11 

3 

24 

TARGET  SERVICE,  AIR-TO-AIR 

Acquisition,  Free  Search 

19 

7 

25 

Engagement  Air-to-Air  From  Masked  Position 

14 

0 

26 

Engagement  Air-to-Air,  Running  Fire,  Cannon 

27 

Engagement  Air-to-Air,  Running  Fire,  Missile 

flB 

0 

28 

Handoff  Aerial  Threat,  Voice 

■■ 

2 

29 

Receive  Handoff,  Voice 

mam 

3 

TOTAL  OVERLOAD  CONDITIONS 

263 

43 
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Mission  segment  25,  Engagement,  Air-to-Air  From  Masked  Position,  with  14 
overload  conditions  in  the  one-crewmember  analysis,  has  no  overload 
conditions  in  the  two-crewmember  analysis.  Other  high  workload  segments 
in  the  one-crewmember  analysis  with  overload  conditions  reduced  to  zero 
in  the  two-  crewmember  analysis  include:  (a)  Segment  20,  Holding  Checks, 
and  (b)  Segment  21,  Overwatch. 

An  important  result  from  the  two-crewmember  analysis  is  that  40  of 
the  43  overload  conditions  are  encountered  by  the  copilot.  This  result 
is  explained  by  the  assignment  of  flight  control  functions  to  the  pilot 
and  support  and  mission  :unctions  to  the  copilot. 

Frequency  o£  Overloads 

It  will  be  recalled  that  the  TOTAL  column  on  the  printouts  has 
four  sub-columns:  one  for  visual  (V),  one  for  auditory  (A),  one  for 
cognitive  (C) ,  and  one  for  psychcraotor  (P).  The  four  columns, 
heretofore  termed  "workload  components,"  contain  numbers  that  are  the 
sum  of  workload  component  ratings  for  ail  performance  elements  being 
performed  concurrently.  A  value  of  "8"  or  higher  in  any  one  of  the  four 
workload  component  columns  indicates  the  presence  of  an  "overload"  for 
the  associated  workload  component.  By  definition,  at  least  one  overload 
is  present  during  every  overload  condition;  and,  in  principle,  as  many 
as  four  overloads  can  be  present  during  a  single  overload  condition. 

A  tabulation  of  overloads  by  workload  components  provides 
diagnostic  information  about  the  causes  of  overload  conditions. 
Specifically,  such  tabulations  identify  the  type  and  number  of  overloads 
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that  contribute  to  an  overload  condition.  Furthermore,  the  number  of 
overloads  per  overload  condition  provides  a  crude  index  of  the  severity 
of  tUt?  "o^kload  problem.  For  instance,  it  seems  reasonable  to  assume 
that  three \'verloads  per  overload  condition  would  indicate  a  more  severe 
workload  problem  than  one  overload  per  overload  condition. 

Table  11  sVr^s  the  frequency  of  overloads  by  workload  component 
and  by  mission  segment.  Overloads  for  the  one-crewmember  configuration 
and  the  two- crewmember  configuration  arc  shown  separately.  The  columns 
in  Table  li  labeled  OVERLOADS  PER  CONDITION  show  the  average  number  of 
overloads  per  overload  condition.  The  numbers  in  these  columns  were 
derived  by  simply  dividing  total  overloads  for  a  mission  segment  (Table 
11)  by  total  overload  conditions  for  the  same  mission  segment  (Table 
10).  The  mission  segment  numbers  and  titles  shown  in  Table  11  are  the 
same  as  those  shown  in  Table  10.  Total  overloads,  summed  across  mission 
segments  are  shown  at  the  bottom  of  each  column. 

First,  consider  overloads  for  the  one-crewmember  configuration. 
The  overload  totals  at  the  bottom  of  Table  11  show  that  overloads  are 
clearly  not  distributed  equally  over  the  four  workload  components.  Not 
a  single  auditory  overload  was  revealed  by  the  analysis.  The  analysis 
revealed  nearly  J .5  more  visual  overloads  (79)  than  cognitive  overloads 
(54)  and  revealed  more  than  2.5  times  as  many  psychomotor  overloads 
(295)  as  visual  overloads  (79).  The  total  number  of  overloads  summed 
across  workload  components  is  338.  Dividing  the  total  number  of 
overloads  (338)  by  the  total  number  of  overload  conditions  (263)  results 
in  an  average  of  1.3  overloads  per  overload  condition. 
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TABLE  11 


FREQUENCY  OF  OVERLOADS  BY  MISSION  SEGMENT  AND  WORKLOAD  COMPONENT: 
ONE-CREWMEMBER  AND  TWO-CREWMEMBER  CONFIGURATIONS  WITH  NO  AUTOMATION 


|  MISSION  SEGMENT 

NUMBER 

TITLE 

RECONNAISSANCE  PHASE 

1 

Bomb  Damage  Assessment 

2 

Evade  Radar  Lock-On 

3 

Reconnaissance,  General 

4 

Record  Sightings 

5 

Tactical  Movement 

6 

Trrnsrait  Report,  Digital 

TARGET  SERVICE,  GROUND 

7 

Acquisition,  Auto  Search 

8 

Acquisition,  From  Laser 

Cueing 

9 

Adjustments,  Area  Weapons, 

Digital 

10 

Adjustments,  Area  Weapons, 

Voice 

11 

Designate  for  PGM 

12 

Engagement,  Air-to-Ground 

Autonomous,  LOAL 

13 

Engagement,  Ground  Target 

Autonomous,  LOBL 

14 

Engagement,  Ground 

Target,  Remote  Designation 

15 

Engagement,  Soft  Targets, 

Cannon  Fires  Hover 

16 

Engagement,  Soft  Targets, 

FFAR,  Direct 

17 

Handoff,  Ground  Target, 

Digital 

18 

Handoff,  Ground  Target, 

Voice 

19 

Handoff  Target,  Laser 

Cueing 

20 

Holding  Checks 

21 

Overwatch 

22 

Receive  Handoff,  Voice 

23 

Team  Coordination 

TARGET  SERVICE,  AIR-TO-AIR 

24 

Acquisition,  Free  Search 

25 

Engagement  Air-tc-Air  From 

Masked  Position 

26 

Engagement  Air-to-Air, 

Running  Fire,  Cannon 

27 

Engagement  Air-to-Air, 

Running  Fire,  Missile 

28 

Handoff  Aerial  Threat,  Voice 

29 

Receive  Handoff,  Voice 

. 

TOTAL  OVERLOADS 

_  NUMBER  OF  OVERLOADS 


ONE-CPEWM EMBER  ANALYSTS  I TWO-CREWMEMBER  ANALYSIS 


An  examination  of  overloads  and  overloads  per  condition  by  mission 
segment  reveals  the  following  important  observations: 

»  Psychomotor  overloads  are  pervasive.  There  is  only  one  mission 
segment  for  which  at  least  one  psychoraotor  overload  is  not 
present.  Ten  or  more  psychomotor  overloads  are  present  for  more 
than  one-third  of  the  mission  segments;  one  mission  segment  has 
21  psychomotcr  overloads. 

•  At  least  one  visual  overload  is  present  for  20  of  the  29  mission 
segments.  There  are  five  mission  segments  that  have  six  or  more 
visual  overloads;  one  mission  segment  (Segment  13)  has  11  visual 
overloads. 

•  Although  cognitive  overloads  are  less  numerous  than  visual 
overloads,  at  least  one  cognitive  overload  is  present  for  21  of 
the  29  mission  segments.  The  number  of  cognitive  overloads  per 
mission  segment  is  less  than  for  visual  overloads  and 
psychomotor  overloads.  For  instance,  there  are  only  three 
mission  segments  for  which  cognitive  overloads  exceed  four 
(Segments  4,  20,  and  24). 

•  The  number  of  overloads  per  overload  condition  varies  from  a 
value  of  1.0  to  a  value  of  2.0.  It  is  worthwhile  to  note  that 
the  value  of  overloads  per  overload  condition  is  positively 
related  ro  total  overloads — the  larger  the  number  of  overloads, 
the  larger  the  number  of  overloads  per  overload  condition.  This 
finding  has  important  implications  for  attempts  to  assess  the 
magnitude  of  the  workload  problem. 

Now  examine  the  overloads  for  the  two-crewmember  configuration. 
The  overload  totals  at  the  bottom  of  Table  11  show  that  overloads  are 
more  equally  distributed  over  the  three  workload  components,  visual, 
cognitive,  and  psychomotor,  than  in  the  one-crewmember  analysis.  Visual 
overloads  have  been  reduced  from  79  to  24  (70%);  cognitive  overloads 

have  been  reduced  from  54  to  17  (69%),  and  psychomotor  overloads  have 
been  reduced  from  205  to  15  (93%).  The  total  number  of  overloads  summed 
across  workload  components  has  been  reduced  from  338  to  56  (83%). 

Dividing  the  total  number  of  overloads  (56)  by  the  total  number  of 
overload  conditions  (43)  results  in  an  average  of  1.3  overloads  per 
overload  condition. 
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Again,  an  examination  of  overloads  and  overloads  per  condition  by 
mission  segment  reveals  important  observations: 

•  Psychomotor  overloads  are  no  longer  pervasive.  They  occur  only 
in  nine  segments.  In  five  of  the  nine  segments,  only  one 
overload  occurs.  The  greatest  number  of  psychomotor  overloads 
(3)  occurs  in  Segment  5,  Tactical  Movement;  Segment  13, 
Engagement,  Ground  Target  Autonomous,  LOBL;  and  Segment  24, 
Acquisition,  Free  Search.  The  large  reduction  in  psychomotor 
workload  is  attributed  to  the  assignment  of  the  flight  control 
functions  to  the  pilot.  Throughout  the  analysis,  the  pilot 
performs  the  flight  control  functions  unencumbered  by  support 
and  mission  functions. 

•  Visual  overloads  are  present  in  nine  of  the  29  segments.  Seven 
visual  overloads  occur  in  Segment  11,  Designate  for  PGM. 

»  Cognitive  overloads  occur  in  ten  of  the  29  segments.  Five 
cognitive  overloads  occur  in  Segment  24,  Acquisition,  Free 
Search.  No  other  segment  has  more  than  two  cognitive  overloads. 

•  The  number  of  overloads  per  overload  condition  varies  from  a 
value  of  1.0  to  a  value  of  2.0.  The  2.0  value  occurs  in  Segment 
3,  Reconnaissance,  General.  Although  the  overload  conditions  in 
Segment  3  are  reduced  from  14  to  3,  the  overloads  were  reduced 
only  from  16  to  6.  Thus,  the  crude  index  provided  by  the  number 
of  overloads  per  overload  condition  indicates  a  more  severe 
workload  problem  in  Segment  3  with  two  crewmembers  than  with  one 
crewmember.  An  increased  severity  of  workload  is  also  indicated 
in  Segments  28  and  29. 


Overload  Density 

Another  crude  measure  of  the  severity  of  the  workload  problem  is 
provided  by  tabulating  the  overload  density  within  the  various  mission 
segments.  Overload  density  in  these  analyses  is  defined  as  the 
percentage  of  total  time  during  a  segment  that  some  form  of  overload  is 
present.  It  is  calculated  by  dividing  the  total  number  of  timelines 
with  overloads  in  the  segment  by  the  total  number  of  timelines  in  the 
segment : 

Number  of  timelines  with  overloads 
Total  number  of  timelines  in  the  segment 
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The  number  of  timelines  with  overloads  are  easily  tabulaced  by 
counting  each  timeline  in  which  a  value  of  8  or  higher  occurs  in  one  or 
more  of  the  total  columns.  Timelines  without  overloads  are  not  printed 
unless  a  performance  element  changes,  but  the  total  number  of  timelines 
in  the  segment  can  be  calculated  by  multiplying  the  total  segment  time 
by  2 .  Thus : 


Overload  density 


Number  of  timelines  with  overloads 


Segment  time  x  2 

Table  12  presents  the  results  of  the  overload  density  tabulation 
for  the  29  mission  segments  in  the  one-crewmember  analysis.  Segment  20, 
Holding  Checks,  has  the  highest  overload  density,  .679.  Segment  6, 
Transmit  Report,  Digital  also  has  a  high  overload  density  (.603). 
Segments  with  low  overload  density  include  Number  2,  Evade  Radar  Lock-On 
(.023);  Number  8,  Acquisition  from  Laser  Cueing  (.022);  Number  10, 
Adjustments,  Area  Weapons,  Voice  (.061);  Number  15,  Engagement,  Soft 
Targets,  Cannon  Fire,  Hover  (.052);  and  Number  16  Engagement,  Soft 
Target,  FFAR  Direct  (.089). 


Table  13  presents  the  results  of  the  overload  density  tabulations 
for  the  29  mission  segments  in  the  two -crewmember  analysis.  The 
overload  density  is  presentee  for  both  the  pilot  and  copilot.  Pilot 
overload  density  is  very  low  in  the  three  segments  (2,  3,  and  23)  where 
pilot  overload  conditions  occur.  The  overload  density  for  che  copilot 
has  been  dramatically  reduced  in  comparison  with  the  overload  density 
tabulations  for  the  one-crewmember  analysis.  The  values  range  from  zero 
in  the  15  segments  without  overloads  to  a  maximum  value  of  .17  in 
Segment  24,  Acquisition,  Free  Search. 
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TABLE  13 


OVERLOAD  DENSITY— TWO-CREWMEMBER  ANALYSIS 


NUMBER  OF 

SEGMENT 

TTTLE 

TIMELINES 

TOTAL  NUMBER  _  OVERLOAD 

WITH  OVERLOADS  ' 

OF  TIMELINES  DENSITY 

■Ml 

- 

PILOT 

COPILOT 

PILOT 

COPILOT 

Bomb  Damage  Assessment 

0 

0 

.00 

.00 

Evade  Radar  Lock-On 

1 

0 

.00 

.00 

Reconnaissance,  General 

8 

9 

.01 

.01 

Record  Sightings 

0 

15 

790 

.00 

.02 

5 

Tactical  Movement 

0 

43 

711 

.00 

.06 

6 

Transmit  Report,  Digital 

0 

0 

340 

.00 

.00 

7 

Acquisition,  Auto  Search 

0 

16 

707 

.00 

.02 

8 

Acquisition,  From  Laser  Cueing 

0 

LI 

427 

.00 

.03 

9 

Adjustments,  Area  Weapons, 

0 

9 

777 

.00 

.01 

Digital 

10 

Adjustments,  Area  Weapons, 

Voice 

0 

1 1 

803 

o 

o 

.01 

LI 

Designate  for  PGM 

0 

70 

532 

o 

o 

• 

.13 

12 

Engagement,  Air-to-Ground 

o 

11 

674 

on 

02 

Target,  Autonomous  LOAL 

• 

13 

Engagement,  Ground  Target 

0 

40 

623 

.00 

.06 

Autonomous  I.OBL 

14 

Engagement,  Ground  Target, 

0 

0 

922 

.00 

.00 

Remote  Designation 

15 

Engagement,  Soft  Targets, 

0 

0 

897 

.0' 

.00 

Gannon  Fire,  Hover 

lb 

Engagement,  Soft  Target, 

0 

0 

1075 

.00 

.00 

FFAR  Direct 

17 

Handoff,  Ground  Target, 

0 

0 

750 

.00 

.00 

Digital 

18 

Handoff,  Ground  Target,  Voice 

0 

0 

919 

.00 

.00 

19 

Handoff,  Laser  Cueing 

0 

0 

517 

.00 

.00 

20 

Holding  Checks 

0 

0 

340 

.00 

.00 

21 

Overwatch 

0 

0 

1  109 

.00 

.00 

22 

Receive  Handoff,  Voice 

0 

0 

340 

.00 

.00 

23 

Team  Coordination 

10 

28 

333 

.03 

.08 

24 

Acquisition,  Free  Search 

0 

94 

552 

.00 

.17 

25 

Engagement,  Air-to-Alr, 

0 

0 

667 

00 

00 

From  Masked  Position 

0 

Engagement,  Air-to-Air, 

0 

0 

158 

00 

00 

Running  Fire ,  Cannon 

27 

Engagement,  Air-to-Air, 

o 

0 

146 

00 

00 

Running  Fire  Missile 

28 

Handoff,  Aerial  Threat,  Voice 

0 

21 

932 

.00 

.02 

29 

Receive  Handoff,  Voice 

0 

-  -  * 

25 

718 

.DO 

.03 
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Subsystem  Overloads 


The  subsystem  identifiers  associated  with  the  overload  conditions 
provide  a  means  of  identifying  potential  benefits  of  automation.  Each 
of  the  (79  +  54  +  205  =)  333  overloads  identified  in  Table  11  are 
associated  with  as  few  as  one  and  as  many  as  three  different  subsystems. 
If  the  overload  is  caused  by  two  performance  elements  being  performed 
simultaneously,  one  or  two  subsystem  identifiers  are  associated  with  the 
overload.  If  the  overload  is  caused  by  three  performance  elements  being 
performed  simultaneously,  one,  two,  or  three  subsystem  identifiers  are 
associated  with  the  overload.  The  term  subsystem  overload  is  used  to 
denote  the  association  between  an  overload  and  a  subsystem.  Table  14  is 
a  matrix  that  presents  the  number  of  subsystem  overloads  in  each  segment 
in  the  one-crewmember  analysis.  They  have  been  counted  and  categorized 
using  the  10  subsystem  groupings  presented  in  Table  6;  the  10  subsystem 
groupings  are  presented  across  the  top  of  Table  14.  The  29  mission 
segments  are  presented  vertically.  Each  cell  in  the  matrix  presents  the 
total  number  of  subsystem  overloads  found  in  the  analysis  for  each  of 
the  29  mission  segments. 

The  tabulation  summarized  in  Table  14  provides  diagnostic 
information  helpful  for  identifying  (a)  the  subsystems  associated  with 
the  overloads,  and  (b)  another  crude  index  for  identifying  the  mission 
segments  with  the  fewest  workload  problems.  The  totals  at  the  bottom  of 
Table  14  show  that  subsystem  overloads  occur  in  every  subsystem  grouping 
presented  in  Table  6.  They  are  not  uniformly  distributed  over  the  10 
subsystem  groupings.  The  highest  number  of  subsystem  overloads,  74?  of 
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TABLE  1L 

UMMARY  OF  OVERLOADS  BY  SUBSYSTEMS  AND  MISSION  SEGMENTS- -ONE  CREWMEMBER  ANALYSIS 


the  total,  are  in  the  flight  control  and  target  acquisition  subsystem 
categories.  The  communications  subsystem  contributes  13£,  the  fire 
control  subsystem  contributes  five  percent,  and  the  navigation  subsystem 
three  percent.  The  remainder  of  the  subsystem  overloads  are  distributed 
over  the  display,  personal  equipment  and  cockpit  items,  life  support, 
and  aircraft  survivability  categories. 

Note  that  the  flight  control  subsystem  is  associated  with 
subsystem  overloads  in  every  mission  segment;  the  target  acquisition 
subsystem  is  associated  with  subsystem  overloads  in  all  but  three 
segments.  The  aircraft  survivability  subsystem  is  associated  only  with 
overloads  in  Segment  2,  Evade  Radar  Lock-On.  Likewise,  the  life  support 
subsystem  is  associated  only  with  subsystem  overloads  in  Segment  20, 
Holding  Checks. 

The  subsystem  overload  totals  for  each  of  the  mission  segments  are 
presented  in  the  right-hand  column.  Segment  13,  Engagement,  Ground 
Target,  Autonomous  LOBL,  has  the  highest  number  of  subsystem  overloads 
(72).  Five  subsystems,  flight  control,  target  acquisition,  displays, 
fire  control,  and  visual  field  are  associated  with  the  72  subsystem 
overloads.  Segment  11,  Designate  for  PGM,  has  the  next  highest  number 
of  subsystem  overloads  (69).  Only  three  subsystems,  flight  control, 
target  acquisition,  and  communications  are  associated  with  the  69 
subsystem  overloads. 

The  OVERLOADS  PER  COTOITION  column  in  Table  14  presents  an  index 
computed  for  each  mission  segment  by  dividing  tne  total  number  of 
subsystem  overloads  by  the  total  number  of  overload  conditions  (as 
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reported  in  Table  10).  An  index  number  of  "1"  is  the  lowest  number  that 
can  appear  ir.  this  column.  The  presence  of  a  number  "l"  indicates  that 
for  every  overload  condition  reported  in  Table  10  (a)  only  one  overload 
occurs  (only  one  workload  component  is  overloaded),  and  (b)  only  ont 
subsystem  grouping  is  associated  with  the  overload.  The  highest  number 
possible  in  the  OVERLOADS  PER  CONDITION  column  is  the  inaex  number  "12." 
The  number  "12"  indicates  that  for  every  overload  condition  reported  in 
Table  10,  (a)  four  overloads  occur  (all  four  workload  components  are 
overloaded),  and  (b)  three  subsystems  ''one  from  each  of  three  concurrent 
performance  elements)  are  associated  with  each  of  the  overloads. 

The  values  in  the  OVERLOADS  PER  CONDITION  column  range  from  a  higa 
of  5.8  to  a  low  of  2.0.  The  highest  value,  5.8,  is  for  Segment  II, 
Designate  for  PGM.  The  5.8  index  value  indicates  that  each  overload 
condition  is  comprised  of  multiple  overloads  and  that  multiple 
subsystems  are  associated  with  the  overloads.  Thus,  Segment  11  is 
identified  as  a  segment  with  severe  worklnid  problems.  Tn  contrast,  ten 
segments  have  2.0  OVERLOADS  PER  CONDITION  and  can  be  considered  the 
least  severe  from  a  workload  standpoint,  using  this  diagnostic  index. 

Table  15  presents  the  tabulation  of  subsystem  overloads  in  the 
two-crewmember  analysis.  In  contrast  to  the  one-crewmember  analysis, 
subsystem  overloads  occur  only  in  six  subsystem  groupings.  The  highest 
number  of  subsystem  overloads,  57%  of  the  totaL,  are  in  the  target 
acquisition  category.  The  communications  subsystem  contributes  18%,  the 
display  subsystem  contributes  three  percent,  the  fire  control  subsystem 
contributes  two  percent,  and  the  navigation  subsystem  five  percent. 


Subsystem  overloads  In  the  flight  control,  life  support,  personal 
equipment  cockpit  Items,  and  aircraft  survivability  categories  present 
in  the  one-crewmember  analysis  are  eliminated  by  including  a  second 
crewmember  in  the  analysis. 


The  target  acquisition  subsystem  is  associated  with  subsystem 
overloads  in  14  of  the  15  mission  segments  with  overloads.  Thus,  the 
target  acquisition  subsystem  is  heavily  associated  with  subsystem 
overloads  in  both  the  one-  and  two-crewraember  analyses.  The  fire 
control  subsystem  is  associated  only  with  overloads  in  Segments  12  and 
13  (Engagement,  Air-to-Ground ,  Autonomous,  LOAL  and  Engagement,  Ground 
Target,  Autonomous,  LOBL) . 

Mission  Segment  24  (Acquisition,  Free  Search,  Air-to-Air)  has  the 
highest  number  of  subsystem  overloads  (20).  Segment  11  (Designate  for 
PGM)  and  Segment  13  (Engagement,  Ground  Target,  Autonomous  LOBL)  each 
have  14  subsystem  overloads.  These  three  segments  contribute  45%  of  the 
subsystem  overloads  in  the  two-crewmember  analysis.  The  reduction  of 
total  subsystem  overloads  from  768  in  the  one-crewmember  analysis  to  106 
in  the  two-crewmember  analysis  represents  an  86%  reduction  in  this  crude 
diagnostic  index. 


Segment  24  (Acquisition,  Free  Search,  Air-to-Air)  and  Segment  13 
(Engagement,  Ground  Target,  Autonomous  LOBL)  have  2.9  and  2.8  OVERLOADS 
PER  CONDITION,  respectively.  These  two  segments  are  identified  as  the 
segments  with  severe  workload  problems  for  the  copilot.  Again,  there 
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REDUCING  WORKLOAD  THROUGH  AUTOMATION— AN  ANALYSIS 


The  computer  model  provides  the  capability  to  revise  workload 
estimates  at  the  performance  element  level  of  specificity.  Changes  are 
made  directly  in  the  performance  element  data  file.  This  capability 
enables  rapid  evaluation  of  the  effect  of  proposed  automation  options  on 
operator  workload.  New  estimates  of  workload  are  generated  for 
performance  elements  associated  with  the  automated  subsystems.  The 
computer  printout  for  each  analytic  iteration  shows  the  number  and  type 
of  overload  conditions  that  remain  after  the  effects  of  the  automation 
have  been  taken  into  account. 

Prior  to  exercise  of  the  model,  a  manual  analysis  was  performed 
using  results  from  the  baseline  configuration  printouts  to  estimate  the 
degree  of  automation  that  would  be  required  to  eliminate  all  overload 
conditions.  The  manual  analysis  was  performed  segment  by  segment, 
following  the  steps  presented  in  Figure  1  and  described  below. 

First,  the  overloads  within  each  segment  were  categorized  by 
subsystem.  Then,  the  subsystem  grouping  with  the  largest  number  of 
overloads  was  examined.  Automation  options  were  identified  for  reducing 
overloads.  The  function  analysis  worksheets  were  revised  with  new 
workload  estimates  for  each  performance  element  affected  by  the 
automation.  The  new  workload  estimates  were  applied  to  the  timelines  on 
the  printout  to  determine  if  the  overload  conditions  were  eliminated. 
Then  the  subsystem  grouping  with  tne  next  largest  number  of  overloads 
was  examined.  The  process  was  continued  until  either  all  overloads  in 
the  segment  were  eliminated  or  all  possible  automation  options  had  been 
exhausted. 
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ONE-MAN  ANALYSIS 


Table  16  is  a  matrix  that  summarizes  the  results  of  the  manual 
analysis.  Segment  numbers  are  listed  across  the  top  of  the  matrix. 
Automation  options  required  to  reduce  the  overloads  are  listed  in  the 
left-hand  column.  The  letter  "V"  is  placed  in  a  cell  of  the  matrix  when 
the  corresponding  automation  option  is  required  to  eliminate  one  or  more 
pilot  overloads  for  the  corresponding  mission  segment.  The  Ps  in  a 
column  of  the  matrix  show  the  number  and  type  of  automation  options 
required  to  eliminate  all  overloads  for  the  corresponding  mission 
segment.  The  Ps  in  a  row  of  the  matrix  show  the  mission  segments  for 
which  overloads  would  be  eliminated  by  the  corresponding  automation 
option. 


Twenty-eight  automation  options  were  postulated  during  the  manual 
analysis.  The  selected  automation  optirur  eliminated  all  the  overloads 
in  the  one-crewmember  analysis  except  rne  f  jllowing. 


•  Segment  1:  Bomb  Damage  Assessment.  From  the  322.0  to  the  337.0 
timeline,  the  pilot  is  performing  the  flight  control  function 
"Unmask  Sensor"  and  simultaneously  performing  the  mission 
function  "Survey  Target  Area."  The  performance  elements 
contributing  to  the  overloads  are  (a)  "Stabilize  Aircraft"  and 
"Estimate  Percentage  of  Coverage"  and  (b)  "Stabilize  Aircraft" 
and  "Determine  Percentage  of  Targets  Disabled."  A  hover  hold 
option  eliminates  the  visual  and  psychomotor  overloads  in  both 
of  the  above  conditions,  but  the  cognitive  overload  remains. 
The  cognitive  workload  required  to  monitor  a  hover  hold 
condition  and  simultaneously  estimate  coverage  of  the  target 
area  and  percentage  of  targets  disabled  are  not  reducible 
through  automation  unless  an  automatic  capability  exists  for 


recognizing  enemy  targets  and  discriminating  between  those 
disabled  and  operable. 


•  Segment  21:  Holding  Checks.  There  are  two  overloads  in  this 
segment  not  reducible  by  automation.  In  both  cases,  the  pilot 
is  performing  the  flight  control  function  "Hover  Masked."  In 
the  first  overload,  the  pilot  is  also  checking  his  life  support 
equipment  and  in  the  second  overload,  he  is  checking  personal 
equipment  items  in  the  cockpit.  The  cognitive  workload  demands 
required  to  monitor  a  hover  hold  condition  and  simultaneously 
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it. 


perform  each  of  the  two  checks  is  not  reducible  by  automation. 
However,  both  of  the  check*:  can  be  delayed  to  coincide  with  less 
demanding  flight  control  performance  elements. 

Table  16  indicates  that  the  majority  of  the  overloads  can  be 
eliminated  by  providing  automated  flight  control  and  target  acquisition 
systems.  Every  segment  except  Number  2,  Evade  Radar  Lock-On,  and  Number 
27,  Engagement,  Air-to-Air,  Running  Fire,  Cannon,  require  at  least  one 
automated  target  acquisition  or  automated  flight  control  option.  The 
option  Hover  Hold  for  Controlling  Heading,  Altitude,  Location  is 
required  in  20  of  the  29  mission  segments,  more  than  any  other  single 
option.  The  option  Automatic  Sight  Alignment  is  required  in  14 
segments.  The  option  Automatic  Increase  Altitude  Mode  During  Hover 
Voice  Commanded,  is  required  in  12  segments  and  the  option  Automatic 
Target  Tracking  is  required  in  ten  segments. 

A  sufficient  number  of  overload  conditions  occur  during  operation 
of  the  communications,  fire  control,  navigation,  display,  and 
survivability  subsystems  to  warrant  automation  if  the  LHX  is  to  be 
designed  for  single-crewmember  operation.  Eight  of  the  28  automation 
options  are  required  in  one  segment  only.  They  are: 

•  automatic  alignment  of  aircraft  heading  on  target  during  hover 
(voice  commanded) , 

•  voice  playback  for  message  display, 

•  channel  selection  by  voice  command, 

•  automatic  weapon  release, 

•  automatic  diagnosis  and  verification  of  threat  signals, 

•  automatic  storage  of  threat  source  locations, 

•  automatic  activation  of  electronic  countermeasures ,  and 

•  voice  presentation  of  checklist. 


Seven  of  the  28  automation  options  are  required  in  two  segments 
only.  They  are: 

•  automatic  target  recapture, 

•  automatic  range  calculation, 

•  automatic  decrease  altitude  mode  during  hover,  voice  commanded, 

•  voice  recorder  for  message  entry  during  low  workload  intervals, 

0  automatic  transmission  from  recorder  upon  voice  command, 

0  automatic  display  of  aircraft  position  relative  to  selected 
waypoints 

•  automatic  updating  of  position. 

An  analysis  comparable  to  the  above  was  performed  manually  to 
determine  now  much  automation  will  be  required  to  eliminate  all 
overloads  in  the  two-crewmember  LHX.  The  steps  in  the  manual  analysis 
were  repeated  and  the  results  are  depicted  in  Table  17.  Again,  the 
segment  numbers  are  listed  across  the  top  of  the  matrix  and  the 
automation  options  required  to  reduce  the  overloads  are  listed  in  the 
left-hand  column.  A  "P"  is  placed  in  a  cell  of  the  matrix  when  the 
corresponding  automation  option  is  required  to  eliminate  pilot  overloads 
in  the  corresponding  mission  segment.  A  "C"  is  placed  in  a  cell  of  the 
matrix  when  the  corresponding  automation  option  is  required  to  eliminate 
copilot  overloads  in  the  corresponding  mission  segment.  The  Ps  and  Cs 
in  a  column  of  the  matrix  show  the  number  and  type  of  automation  options 
required  to  eliminate  all  overloads  from  the  corresponding  mission 
segment.  The  Ps  and  Cs  in  a  row  of  the  matrix  show  the  mission  segments 
for  which  overloads  would  be  eliminated  by  the  corresponding  automation 
option. 
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Ten  automation  options  were  postulated  during  the  manual  two- 
crewmember  analysis.  The  selected  automation  options  eliminated  all  of 
the  overloads  in  the  two -crewmember  analysis.  This  contrasts  markedly 
with  the  28  automation  options  required  to  eliminate  most  of  the  over¬ 
loads  in  the  one-crewmember  analysis. 

Table  17  indicates  that  the  majority  of  overloads  can  be 
eliminated  by  providing  automated  target  acquisition  systems.  The 
option.  Automatic  Sight  Alignment,  is  required  in  11  of  the  15  mission 
segments  with  overloads.  The  option,  Automatic  Search,  is  required  in 
eight  segments,  and  the  option.  Automatic  Target  Detection,  is  required 
in  seven  segments. 

Overload  conditions  do  occur  during  operation  of  the  fire  control 
and  navigation  subsystems  in  selected  segments.  However,  the  two- 
crewmember  analysis  indicates,  in  contrast  to  the  one-crewmember 
analysis,  that  automation  is  not  required  in  the  flight  control, 
communications,  display,  and  aircraft  survivability  subsystems.  Only 
one  of  the  ten  automation  options.  Automatic  Diagnosis  and  Verification 
of  Threat  Signals,  is  required  in  one  segment  only. 


DISCUSSION  AND  CONCLUSIONS 


The  LHX  mission  analyses  have  strengths  and  weaknesses  that  must 
be  recognized  as  the  results  are  evaluated  for  application  to  the  LHX 
design  decisions.  This  section  presents  some  practical  applications  and 
discusses  strengths  and  limitations  of  the  methodology  and  models. 
Plans  for  future  LHX  mission  analyses  ate  presented.  Finally,  the 
results  are  interpreted  and  recommendations  presented  regarding  the 
critical  human  factors  question:  Should  the  LHX  be  designed  for  one  or 
two-crewmember  operation? 

PRACTICAL  APPLICATIONS  AND  METHODOLOGICAL  STRENGTHS 

The  mission  analysis  methodology ,  despite  some  weaknesses 
(presented  below),  provides  a  systematic  means  of  predicting  human 
operator  workload  in  advance  of  system  design.  Predicting  operator 
workload  presents  a  challenging  problem  despite  recent  but  inconclusive 
progress  in  developing  methods  for  measuring  workload.  The  rudimentary, 
non-validated  methods  described  herein  must  be  evaluated  within  that 
context.  The  methodology  presents  a  beginning;  refinements  can  occur  as 
workload  measurement  research  progresses. 

Systematic  prediction  of  workload  provides  an  excellent  foundation 
for  human  engineering  design  decisions  during  the  advanced  study  or 
conceptual  phase  of  system  design.  Basic  decisions  about  what  functions 
should  be  assigned  to  humans  and  what  functions  should  be  assigned  to 
machines  are  made  in  these  early  studies  and  trade-off  analyses.  The 
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model  described  above  provides  an  excellent  tool  for  addressing  such 
issues. 

The  analyses  described  above  are  baseline.  They  were  conducted  by 
defining  generic  mission  functions;  no  specific  system  design  was 
attempted.  The  methodology  allows  for  improvements  in  the  analyses  as 
the  system  definition  proceeds.  The  estimates  of  workload  can  be 
refined  as  iterations  of  the  analyses  are  performed  in  pace  with  the  LHX 
system  definition  and  development.  Through  successive  iterations,  the 
mission  analysis  can  evolve  into  a  task  analysis  with  the  workload  and 
time  estimates  derived  from  system  design  parameters.  In  the  meantime, 
the  designers  have  been  provided  with  systematically  darived  estimates 
of  workload.  Such  estimates  can  drive  design  decisions.  Estimates  of 
the  sensory  demands  provide  information  about  display  requirements. 
Estimates  of  the  psychomotor  requirements  provide  information  relevant 
to  control  and  switch  design.  Estimates  of  the  cognitive  complexity 
provide  early  information  about  where  human  factors  design  attention 
should  be  focused  whatever  crew  station  components  arc  required. 

There  are  several  features  m  the  mission  analysis  and  the 
computer  models  designed  to  limit  the  estimation  of  excessive  workload 
conditions.  Therefore,  the  predictions  of  workload  can  be  considered 
conservative.  Features  guarding  against  over  prediction  of  workload 
include  the  following: 

•  Time  estimates  for  performance  elements  are  conservatively  long. 
This  provides  more  flexibility  in  the  scheduling  of  the  crew 
activities  and  minimizes  overload  conditions. 

•  Support  functions  are  scheduled  on  the  timeline  to  prevent  high 
workload.  To  the  extent  possible,  they  are  scheduled  when  no 
mission  functions  are  being  performed. 
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•  The  duration  of  flight  control  functions  are  extended  as 
necessary  to  assure  that  all  required  support  and  mission 
performance  elements  are  presented  on  the  timeline.  Thus, 
overload  conditions  associated  with  time  stress  are  not 
predicted  by  the  model. 

•  The  establishment  of  the  value  "8"  as  the  overload  threshold 
overlooks  the  possibility  that  overload  way  exist  at  a  lower 
value  during  concurrent  performance  elements.  A  concurrent 
visual  "7,"  cognitive  "7,"  and  psychomotor  "7'1  may  constitute  a 
more  critical  overload  condition  than  the  single  value  "8." 
Such  concurrent  conditions  across  workload  components  are  not 
considered  in  the  prediction  of  overload. 

•  Summing  the  workload  component  ratings  to  obtain  the  total 
concurrent  workload  is  conservative.  The  real  workload  may  be 
greater  than  the  sum  of  the  parts. 

•  The  analysis  does  not  take  into  consideration  increases  in 
workload  associated  with  mission  degradation  due  to  visual 
obscuration  (night,  dust  weather),  malfunctioning  subsystems, 
fatigue,  and  enemy  action. 


SOME  LIMITATIONS  AND  RESEARCH  ISSUES 

The  greatest  weakness  in  the  mission  analysis  stems  frem  the 
t._bjective  nature  of  the  workload  estimates.  Assigning  numbers  to  the 
estimates  and  processing  them  with  a  computer  does  not  attenuate  the 
subjectivity.  The  following  paragraphs  describe  specific  methodological 
limitations  that  must  be  recognized  when  interpreting  the  results  of  the 
analyses  conducted  to  date. 

The  scales  presented  in  Table  3  were  developed  during  the  original 
analysis  (McCracken  A  Aldrich,  1984).  The  scale  values  indicate 
increasing  complexity  of  f'e  workload  components.  The  analysts  judged 
that  the  verbal  descriptors  denote  increasing  complexity  corresponding 
to  the  scale  values.  McCracken  and  Aldrich  assigned  scale  values  . 
comparing  the  verb/object  and  workload  descriptors  on  the  functional 
analysis  worksheets  with  the  verbal  designators  in  Table  3.  The 
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analysts  reached  consensus  in  their  judgments.  This  consensus  was 
reviewed  by  two  subject  matter  experts.  However,  the  scales  have  not 
been  subjected  to  traditional  reliability  and  validity  studies.  There 
has  not  been  sufficient  time  to  perform  such  studies  in  step  with  the 
LHX  system  milestones. 

Another  methodological  weakness  exists  in  the  procedure  for 
computing  the  total  workload  estimates  on  the  summary  of  concurrent  and 
sequential  workload  demand  worksheets  (see  Table  5)  and  by  the  computer 
as  described  on  page  40,  numbered  paragraph  12  The  scales  in  Table  1 
are  ordinal  at  best.  Summing  the  modality  values  to  derive  a  total 
estimate  is  a  questionable  procedure.  In  fact,  ther^  is  no  evidence 
chat  compounding  workload  demands  are  additive.  Most  of  us  can  recall 
circumstances  when  ever  increasing  workload  seemed  to  be  synergistic. 

Another  methodological  weakness  stems  from  the  treatment  of  the 
various  components  of  workload  as  separate,  independent  entities.  It  is 
doubtful  that  psychomotor  workload  exists  independent  of  cognitive  and 
visual  workload.  What  happens  to  the  sensory  and/or  cognitive  workload 
if  you  attenuate  the  psychomotor  workload  associated  with  a  particular 
performance  element?  The  model  assumes  that  the  sensory  and/or 
cognitive  estimates  are  unchanged. 

The  analysts'  decision  to  designate  the  total  value  of  "8"  as  the 
overload  threshold  is  another  subjective  aspect  of  the  methodology. 
Expert  opinion  is  the  only  basis  for  selecting  "8"  as  the  threshold  for 
a  predicted  operator  overload.  Hence,  the  selection  of  the  "3"  can  be 
questioned. 
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The  time  estimates  assigned  to  the  performance  elements  represent 
a  consensus  of  the  analysts.  The  times  were  reviewed  by  a  highly 
experienced  and  current  AH-l  aviator  and  also  by  a  highly  experienced 
and  current  aeroscout  aviator.  However,  the  time  estimates  require 
refinement  through  several  iterations  as  the  conceptual  and  subsequent 
design  and  development  phases  of  the  LHX  ensue.  The  validation  for  the 
estimated  tines  must  await  i urt'ner  system  definition. 

The  accuracy  of  the  time  estimates  are  not  as  critical  as  they 
would  be  If  the  study  objectives  required  Identification  of  excessive 
workload  caused  by  time  pressure.  In  fact,  as  stated  above,  the 
function  time  estimates  are  conservatively  long  to  increase  the 
likelihood  that  ail  concurrent,  competing  demands  are  identified. 
During  the  reassembly  of  the  functions  in  the  summary  of  concurrent  and 
sequential  workload  demands  (Table  5)  and  in  the  decision  rules 
(Appendices  F  and  G) ,  the  times  for  the  flight  control  functions  were 
extended  to  allow  concurrent  support  and  mission  functions  to  be 
completed.  Tills  resulted  in  some  unrealistic  time'lines,  from  an 
operational  point  of  view.  An  LHX  would  be  extremely  vulnerable  in  a 
battle  area  if  the  pilot  hovered  ir.  an  unmasked  sensor  mode  of  flight 
for  40  seconds.  However,  extending  the  unmask  sensor  timeline  permitted 
identification  of  all  the  concui rent  performance  overloads  likely  to 
occur.  The  very  real  demands  on  the  pilot  as  a  function  cf  time  stress 
are  not  accounted  for  In  the  model. 

All  of  the  above  limitations  and  weaknesses  identify  areas  where 
research  Is  needed  before  methods  for  predicting  workload  can  advance. 
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In  Che  meantime,  the  practical  value  of  the  analyses  will  be  evaluated 
as  future  Iterations  are  performed  in  step  with  LHX  system  development. 

FUTURE  LHX  MISSION  ANALYSES  AND  VALIDATION  STUDIES 

Additional  mission  analyses  are  required.  As  the  LHX  system 
definitior.  progresses  and  specific  design  alternatives  are  considered, 
the  computer  models  can  be  exercised  to  identify  the  best  design  for 
minimizing  operator  workload.  Moreover,  the  models  can  be  exercised  to 
simulate  performance  degradation  resulting  from  system  malfunctions, 
visual  obscuration,  or  enemy  countermeasures.  The  evaluative  analyses 
performed  during  systems  definition  can  be  usee  to  assist  in  human 
engineering  design  decisions.  They  also  can  be  used  to  provide  early 
identification  of  emerging  requirements  for  LHX  aviator  training. 

The  most  suitable  means  of  validating  the  workload  analyses  is 
through  flight  simulation.  Workload  estimates,  performance  times, 
incidents  of  overload,  and  the  impact  of  subsystem  automation  can  be 
evaluated  by  collecting  empirical  data  during  trials  in  a  flight 
simulator.  The  mission  analysis  provides  a  scenario  for  flight  simula¬ 
tion.  The  estimates  of  workload,  performance  times,  and  incidents  of 
overload  provide  a  host  of  hypotheses  testable  in  flight  simulation 
experiments . 

Flight  simulation  can  be  used  to  refine  the  workload  estimates  and 
to  measure  performance  times.  Once  subjects  have  participated  in  LHX 
flight  simulation,  subjective  workload  measures  can  be  collected. 
Measuremen  instruments,  such  as  those  developed  for  SWAT  (Reid, 
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Shingledecker ,  &  Nygren,  1981)  anc  the  Modified  Cooper  Harper  scale 

(Wierville  &  Casali,  1983)  can  be  administered.  Results  from  these 
measurements  can  be  compared  rith  predictions  of  workload  provided  by 
the  model.  Such  results  can  be  used  to  improve  the  mission  analysis 
methodology. 

Flight  simulation  has  become  in  essential  design  tool  to  be 
employed  early  in  system  development.  The  advanced  development 
simulation  studies  being  performed  by  the  five  contractors  as  they 
explore  new  concepts  for  Advanced  Retorcvaft  Technology  Integration 
(ARTI)  is  a  contemporary  example  with  direct  application  to  the  LUX. 
Validation  of  the  mission  analysis  can  be  performed  concurrent  with  the 
use  of  flight  simulation  for  design  rnd  development.  Moreover,  the 
computerized  mission  analysis  can  contribute  to  the  conduct  of  flight 
simulation  design  studies 


CONCLUSIONS 

Conclusions  stated  below  are  based  solely  on  results  from  the 
computerized  baseline  mission  analyses  and  the  manual  analyses  of  the 
effect  of  automation  on  workload  in  the  one-  and  two-crewmember 

configurations.  The  effect  of  various  automation  options  as  determined 

by  exercising  the  computer  model  will  be  presented  in  a  future  report. 

The  large  number  of  overload  conditions  identified  in  the  one- 
crewmember  analysis  leads  to  a  conclusion  that  a  high  degree  of 

automation  will  be  required  if  a  lone  aviator  is  to  fly  and  operate  ^he 

I.HX.  Many  of  the  overload  conditions  repotted  in  Table  10  represent 
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overloads  Impacting  more  than  one  modality  at  the  same  time.  Providing 
the  pilot  with  automation  options  to  reduce  the  psychomotor  workload 
will  not  suftice.  Visual  and  cognitive  overload  conditions  must  also  be 
accounted  for. 

The  manual  analysis  of  automation  failed  to  eliminate  all  overload 
conditions  during  single-crewmember  operation.  The  28  automation 
options  eliminate  all  overloads  except  two  in  Segment  1,  Bomb  Damage 
Assessment,  and  two  in  Segment  21,  Holding  Checks  (see  page  66).  The 
Bomb  Damage  Assessment  segment  requires  two  crewmembers,  one  to  fly  the 
LHX  and  one  to  estimate  the  percentage  of  target  area  covered  and  the 
percentage  of  targets  disabled.  (The  two  overloads  in  Segment  21  occur 
during  performance  of  cockpit  checks.  They  can  be  delayed  to  coincide 
with  less  demanding  flight  control  performance  elements.)  This  analysis 
cannot  support  a  decision  to  design  the  LHX  for  single  aviator  operation 
unless  Bomb  Damage  Assessment  is  eliminated  as  a  mission  requirement. 

Even  then,  support  for  a  single-crewmember  LHX  would  have  to  be 
qualified.  The  finding  that  the  majority  of  the  overload  conditions  are 
eliminated  by  the  28  automation  options  may  encourage  proponents  of  a 
single-crewmember  LHX  configuration.  It  is  beyond  the  scope  of  this 
mission  analysis  to  assess  the  technological  risks  associated  with  each 
of  the  28  automation  options.  However,  even  if  the  automation  options 
are  within  the  state  of  the  art,  proponents  must  be  concerned  with  their 
reliability  in  a  battlefield  environment.  Malfunctions  and  failures  of 
the  automated  subsystems  will  overload  a  single  aviator.  In  such  cases, 
the  aviator  will  revert  to  manual  operation  and  encounter  the  overload 
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conditions  identified  in  these  analyses.  Mission  performance  will  be 
degraded . 

In  summary,  the  results  of  the  analyses  reported  here  do  not 
support  a  decision  to  design  a  single  seat  LHX  unless: 

•  Be  mb  Damage  Assessment  is  eliminated  as  a  mission  requirement, 
and 

•  all  28  automation  options  are  provided  with  extraordinarily  high 
reliability. 

Despite  the  reduction  of  overload  conditions  in  the  two-crewmember 
analysis,  automation  will  be  required  to  operate  the  LHX.  As  in  the 
one-crewmember  analysis.  Table  10  reports  overloads  in  the  two- 
crewmember  analysis  impacting  more  than  one  modality  at  the  same  time. 
Visual,  cognitive,  and  psychomotor  overload  conditions  must  be  accounted 
for. 

The  analysis  of  automation  required  to  eliminate  all  overload 
conditions  leads  to  the  conclusion  that  dual-crewmember  operation  is 
feasible  across  the  full  range  of  the  LHX  missions.  The  ten  automation 
options  eliminate  overloads  that  have  not  been  eliminated  by  dividing 
the  workload  among  the  two  crewmembers. 

In  summary,  there  are  several  findings  that  indicate  that  the 
two-crewmember  LHX  is  a  preferred  configuration. 

•  All  overload  conditions  are  eliminated  by  ten  automation 
options. 

•  The  pilot  is  overloaded  only  during  three  of  the  29  mission 
segments,  even  without  automation. 

•  Fourteen  mission  segments  can  be  performed  without  overload  and 
with  no  automation. 

•  Four  subsystem  categories  (flight  control,  life  support, 
personal  equipment  cockpit  items,  and  aircraft  survivability) 
require  no  automation. 
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These  LHX  mission  analyses  support  the  conclusions  that  (a)  a  two- 
crewmember  configuration  is  preferred  for  the  LHX,  and  (b)  automation 
will  be  required  so  that  LHX  crews  are  not  overloaded  during  critical 
mission  segments. 
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Annex  V  to  Appendix  R 


R-V-l.  Reprodurec;  on  the  following  pages  is  a  report  describing 
work  performed  by  the  Visual  Display  Systems  Branch,  Human  Engi¬ 
neering  Division,  Air  Force  Aerospace  Medical  Research  Labora¬ 
tory.  It  is  reproduced  here  in  its  entirety  for  the  convenience 
of  those  with  sufficient  interest. 
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1.0  INTRODUCTI 0N/5ACKGR0UND . 

This  report  summarizes  the  results  of  a  preliminary  experimental 
simulation  of  a  helicopter  attack  mission  using  the  Visually  Coupled 
Airborne  Systems  Simulator  (VCASS). 

This  effort  grew  out  of  the  earlier  "Technology  Assessment  Study: 
Virtual  Panoramic  Display  for  the  LHX"  <LHX  =  Light  Helicopter  Family), 
the  results  of  which  were  presented  to  Army  personnel  12  July  1984  at 
Wr i gh t-Pat ter son  AFB.  Since  that  Phase  I  study  indicated  tnat  field- 
of-view  (FOV)  was  an  important  variable  for  performance  and  pilot 
acceptance  of  a  panoramic  display,  the  Directorate  of  Combat 
Developments  (DCD) ,  Army  Aviation  Center,  Ft.  Rucker,  AL  requested  that 
the  Air  Force  Aerospace  Medical  Research  Laboratory  (AFAMRL)  develop  a 
preliminary  (pre-Phase  II)  simulation  of  an  LHX  mission  in  which 
various  F0V/s  could  be  flown  by  exper i enced  Army  helicoptor  pilots. 

The  primary  purpose  of  this  exercise  was  to  provide  hands-on  experience 
with  the  VCASS  simulator  and  develop  some  subjective  "feel"  for  the 
effect  of  various  FOV's  on  the  ability  to  accomplish  the  mission. 

2.0  DESCRIPTION  OF  VCASS  SIMULATION. 

The  VCASS  facility  has  been  developed  by  the  Visual  Display  Systems 
Branch  of  the  Human  Engineering  Division  within  the  AFAMRL  at  Wright- 
Patterson  AFB,  OH.  A  comprehensive  description  of  the  VCASS  simulator, 
as  functionally  configured  for  the  LHX,  is  contained  in  the  report  by 
Haas  <1984).  Briefly,  VCASS  provides  a  capability  to  present  computer 
generated  imagery  on  a  helmet-mounted  display  <HMD)  to  each  ©ye 
independently.  Each  ocular  of  the  HMD  optics  can  provide  a  FOV  of  up 
to  60  degrees  vertical  by  80  degrees  horizontal,  with  up  to  40  degrees 
overlap  between  the  fields.  Thus,  the  size  of  the  FOV  may  be 
manipulated  for  experimental  evaluation.  The  instantaneous  orientation 
of  the  oculars  (as  controlled  by  head  movement)  is  measured  by  a 
magnetic  helmet  tracker,  allowing  information  displayed  on  the  oculars 
to  be  translated  relative  to  head  movement  so  that  the  displayed  images 
appear  to  be  stable  in  space.  In  this  way,  a  panorama  of  information 
Is  available  to  the  operator  as  a  function  of  head  position.  Neither 
the  flight  control  char ac ter i st i cs  (flight  dynamics  model)  nor  the 
terrain  portrayal  were  developed  beyond  that  demonstrated  during  the 
Phase  I  (Technology  Assessment  Study)  effort,  and  this  provided  rigid 
constraints  on  the  fidelity  of  both  the  flight  control  algorithms  and 
the  quality  of  the  terrain  representation.  In  spite  of  these 
limitations,  the  DCD  Office  felt  that  the  virtual  panoramic  display 
(VPD)  concepts  that  could  be  demonstrated  in  VCASS  were  powerful  enough 
to  justify  pilot  familiarization  trials  from  which  important 
information  could  be  gleaned  for  tradeoff  analysis  applications.  Of 
special  interest  was  the  concern  for  the  instantaneous  FOV  of  the 
helmet-mounted  oisplay  which  would  render  the  outside  world  and  cockpit 
presentations.  In  addition,  a  familiarization  study  would  provide  an 
opportunity  to  develop  and  test  data  collection  software  and  would 
provide  an  assessment  of  the  VCASS  development  effort  in  terms  of  its 
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current  ability  to  meet  the  demands 
applications  research.  Thus,  VCASS 
that  would  lead  to  higher  fidelity  s 
engineering  design  investigations. 


of  simulation  schedules  for 
improvements  could  be  identified 
imulations  for  exploratory  and 


3.0  VIRTUAL  COCKPIT  DISPLAY  FORMATS, 


The  virtual  cockpit,  as  it  was  employed  in  the  oresent  simulation, 
is  depicted  in  Figure  1.  Missile  selection,  electronic  counter-measure* 
aircraft  survivability  equipment  (ECM/ASE)  activation,  and  target 
designation  could  all  be  executed  by  positioning  the  "cross  hairs" 
reticle  over  the  intended  object.  Reticle  position  is  measured  by  the 
VCAS3  helmet  mounted  sight  (HMS)  system,  and  is  boresighted  by  the 
pilot  prior  to  flight.  The  virtual  cockpit  also  included  a  heading 
tape,  flight  director  information,  altitude,  airspeed,  missiles,  and 
ECM/ASE  status,  as  shown.  (See  Haas,  1984,  for  a  detailed  description 
of  the  operation  and  behavior  of  these  display  elements  under  aircraft 
and  head  movements.)  The  diamond  (on  the  horizontal  bar  next  to  the 
reticle  in  this  picture)  provides  a  steering  command,  while  the 
adjacent  numeric  readout  provides  the  flight  vector  to  the  target. 
Airborne  and  ground  threats  (in  their  programmed  x,  y  and  z  coordinate 
positions)  are  viewable  in  the  out-the-wi ndow  scene,  provided  they  are 
close  enough  and  the  p>lnt  has  them  within  his  FOV.  Similarly,  tracer 
rounds  from  either  the  LHX  or  a  simulated  Soviet  Hind  helicopter,  as 
well  as  missile  launches  and  hit  bursts,  are  displayed.  Figure  2  shows 
the  total  VPD  concept,  which  includes  both  the  virtual  cockpit  and  the 
rudimentary  terrain  depiction.  Solid  and  dashed  line3  represent  ground 
and  water  features,  respectively. 

4.0  SIMULATION  CONSIDERATIONS. 

4.1  The  simulation  was  developed  to  satisfy  a  number  of  requirements 
by  the  DCD  Office  and  AFAMRL.  Below  is  a  listing  of  these 

requ i rements,  together  with  an  indication  of  how  they  were  satisfied: 

4.1.1  The  gaming  area  was  to  correspond  to  a  point  in  the  mission 
scenario  as  generated  under  the  Phase  I  effort.  (This  point  was 
selected  to  be  10km  from  the  forward  line  of  tr-oops  (FLOT).) 

4.1.2  The  pilot's  task  had  to  be  realistic  within  the  mission 
scenario.  (The  pilots  were  tasked  to  follow  the  flight  director- 
information,  which  would  vector  them  to  the  primary  target,  a  tank.) 

4.1.3  Other  ground  and  airborne  threats  were  to  be  encountered  on  the 
way  to  the  primary  target.  (A  simulated  Hind  helicopter,  an  AAA  site, 
and  three  SAM  sites  were  located  at  random  within  a  10km  to  20km  radius 
from  the  fixed  start  position.  Although  the  tank  was  passive,  the 
other  threats  were  capable  of  lethal  weapon  deliveries  if  the  LHX  was 
within  their  range  and  not  masked  by  terrain.  The  Hind,  once  shot 
down,  was  always  replaced  by  another  Hind  somewhere  within  the  threat 
area  after  approx imate 1 y  five  seconds.) 

4.1.4  The  state  of  the  target  acquisition  systems  associated  with  each 
of  the  threats  had  to  be  communicated  to  the  pilot.  (Pecor-deo  voice 
announcements  were  provided  to  the  pilot  whenever  the  LHX  was  radiated 
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by  *  threat's  emitter,  and  not  masked  by  terrain.  Announcements 
provided  target  type  (i.e.,  infrared  or  radar  target) ,  clock  position 
and  range  information.  Threat  emitter  mode  changes  <i.e.,  search, 
acqu  i  si  t  i  oft ,  tracking,  or  launch)  were  signalled  to  the  pilot  via  a  set 
of  threat  warning  tones  generated  according  to  Army  supplied 
i nf ormat ion.) 

4.1.5  A  side  task  was  to  be  provided  to  assure  pilots  were  task  loaded 
at  all  times.  (An  auditory  Sternberg  task  (see  Sternberg,  1975)  was 
imposed  in  which  pilots  were-  requested  to  indicate,  via  a  button  on  the 
collective,  whether  an  alphabetic  character  presented  over  the  headset 
was  or  was  not  one  of  a  previously  memorized  set  of  items.  A  new  item 
was  presented  each  time  the  last  i tern  was  responded  to,  or  after  three 
seconds  if  there  was  no  response.) 

4.1.6  Sufficient  LHX  armament  was  to  be  provided  to  enable  the  pilot 
to  knock  out  the  primary  target  (tank)  as  well  as  deal  effectively  with 
the  Hind,  the  AAA  and  SAM  sites.  (Four  beam  rider,  two  infra-red  ( I R ) 
and  two  “fire  and  forget"  missiles,  together  with  a  3Gmm  cannon  with 
tracers,  were  provided.) 

4.1.7  ECM/ASE  capabilities  were  to  be  provided  under  pilot  control. 
(Pilots  could  select  IR  or  radar  countermeasures  individually,  or  place 
both  in  an  automatic  mode  for  intervals  of  30  seconds  each,  at  which 
time  they  were  not  vulnerable  to  IR  or  radar  detection  by  threats.) 

4.1.8  Measures  of  workload  resulting  from  various  FOM's  were  to  be 
generated.  (Subjective  evaluation  of  workload  was  provided  through  a 
broad  range  of  both  structured  and  unstructured  questionnaire 
responses.  In  addition,  Subjective  Workload  Assessment  Technique 
(SWAT)  ratings  (see  Reid  et  al  ,  1991 j  Reid,  1932j  and  Eggeme i er  et  al  , 
1982)  were  obtained  on  the  major  mission  task  elements. 

4.2  The  pilots  serving  as  subjects  in  this  effort  were  all  highly 
experienced.  All  four  had  from  four  to  seventeen  years  Army  service 
and  from  four  to  thirteen  years  as  helicopter  pilots.  Two  had  about 
1,000  hours  combat  helicopter  time  and  the  other  two  had  none.  In 
all,  experience  with  nap-of -the-ear th  (NOE)  flying  ranged  from  150  to 
3,000  hours,  with  an  average  of  over  960  hours,  while  their  night 
flying  time  ranged  from  40  to  600  hours,  and  averaged  over  270  hours. 

5.0  PROCEDURE. 

Pr i or  to  the  simulation  sessions,  the  pilots  were  provided  an 
indoctrination  briefing  and  a  set  of  written  instructions  (see 
Appendix)  as  to  what  they  would  see,  hear  and  do  during  the  four  days 
of  experimentation.  They  were  also  asked  to  perform  the  reauired  SWAT 
card  sorting  task,,  from  which  interval  scale  values  are  generated  for 
various  combinations  of  effort,  time,  and  stress  levels  of  workload. 
Since  the  effectiveness  of  the  threat  announcement,  warning  tones,  and 
auditory  Sternberg  task  relied  on  normal  hearing  capabilities,  each 
pilot  took  an  audiological  examination,  the  results  of  which  showed 
totally  normal  functioning  for  all  pilots. 

Once  the  pilots  were  comfortable  with  the  scenario  that  they  would 
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encounter  and  with  their  response  capabilities,  each  was  given 
approximately  one  hour  practice  in  UCASS.  The  -first  hal-f  of  this 
period  was  spent  flying  with  the  widest  FCV  that  they  would  use  <120 
degree  binocular).  The  remainder  was  spent  practicing  with  the  other 
FOV's  used  in  the  study  •' i  . e  .  ,  90  degree  binocular,  40  degree 
binocular,  and  40  degree  monocular).  Although  it  was  anticipated  that 
the  unfamiliar  flight  dynamics  and  low  resolution  terrain  portrayal 
(grid  lines  each  1500  feet,  and  only  in  one  direction)  would  present  an 
ex tr aord i nar i 1 y  difficult  flight  control  problem,  time  constraints  did 
not  allow  more  practice.  Based  on  the  experience  of  the  practice 
trials,  task  difficulty  was  reduced  somewhat  by  modifying  the  threat 
emitter  algor  it hms  so  that  the  LHX  could  avoid  being  radiated  by 
maintaining  his  altitude  at  or  below  500  feet  AGL.  At  about  this 
altitude,  the  grid  lines  simulating  the  terrain  provided  adequate 
visual  cues  for  UFR  maneuvering. 

After  practice,  each  pilot  flew  the  simulator  in  a  series  of  24 
five-minute  sorties  during  the  next  three  days.  The  sequence  of  the 
four  FQV  conditions,  the  random  position  of  threats  to  be  encountered 
<24  different  data  sets  were  used)  ,  and  the  size  of  the  Sternberg 
memory  set  to  be  responded  to  in  any  given  session  were 
counterbalanced  so  that  every  condition  preceded  every  other  condition 
an  equal  number  of  times.  Each  pilot  flew  a  block  of  six  sorties  for 
each  condition.  Each  sortie  was  typically  separated  by  a  three-to-f our 
minute  inter-trial  interval  ^ 1TI ) ,  during  which  time  the  pilot  rated 
the  difficulty  of  performing  the  previous  mission's  tasks  according  to 
the  extent  of  time  load,  mental  effort,  and  psychological  stress 
experienced.  These  SWAT  ratings  were  collected  on  the  tasks  of »  a) 
following  a  command  heading  to  the  enemy  tank  while  flying  contour 
and/or  NOE;  b)  defending  against  and/or  destroying  ground  threat 
systems;  and  c)  contending  with  the  Hind  by  attacking  or  defending. 

The  IT1  also  provided  time  for  the  pilot  to  memorize  the  next  memory 
set  (either  one  or  four  alphabetic  characters)  for  the  next  trial. 

This  interval  was  also  required  to  load  the  data  set  and  initialize  the 
VCA3S  computers  for  the  next  trial. 

At  the  conclusion  of  the  experimental  sessions,  each  pilot 
completed  a  questionnaire  related  toi  a)  the  effects  of  FQV  size  on  his 
ability  to  perform  various  aspects  of  the  mission;  b)  control/display 
features  of  the  simulation  itself;  c>  his  ability  to  perform  the 
mission,  presuming  a  range  of  cockpit  technologies;  d)  prioritized, 
essential  cockpit  information  for  mission  performance;  and  e)  the 
impact  of  an  additional  crewmember  on  mission  performance. 

6.0  RESULTS. 

6.1  Questionnaire  Responses. 

6.1.1  Mission  Effectiveness.  Table  1  shows  the  average  of  pilot 
ratings  (on  a  seven-point  scale)  of  the  effects  of  FOU  size  on  overall 
mission  success,  as  well  as  on  the  discrete  functions  of  piloting, 
navigation,  target  acquisition,  weapon  delivery  and  survivability. 
Anchor  points  were  provided  at  both  ends  of  the  scale.  A  rating  of.  one 
indicated  "prohibited  effective,  safe  mission  completion",  while  a 
rating  of  seven  indicated  "enabled  effective,  safe  mission  completion".- 
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I  MEAN  OF  PILOT  RATINGS  OF  FOV  EFFECTS  ON  MISSION  AND  MISSION  FUNCTIONS 


40  mono 


Overall  Mission 

1  .75 

Piloting 

2.25 

Nav i gat i on 

2.25 

Target  Acq. 

1 .75 

Weapon  Del  . 

2.75 

Surv i vabi l i ty 

1  .5 

F  i  e  1  d-of ■ 

-Uiew  <F0U> 

40  binoc 

90  binoc 

120  bi 

2.75 

5.0 

5 . 5 

3.75 

5.7 

6.0 

3.5 

5.5 

6.0 

3.25 

4.5 

4.75 

3.75 

5.25 

5.0 

2.5 

5.25 

5.75 

The  generally  orderly  effect  of  F0U>  on  estimated  capability  to 
complete  the  mission  is  obvious.  The  small  inversion  between  the  90- 
degree  and  120-degree  F0L>'s  -for  the  weapon  del  i  very  -function,  together 
with  the  relatively  compressed  range  o-f  ratings  -for  that  -function, 
reflects  the  pilots'  judgement  that  a  large  FOU  is  simply  not  a  major 
factor  for  that  function. 


6.1.2  Situational  Awareness.  Responses  for  each  of  the  FOU's  on  a 
similar  aeven-point  scale  ranging  from  “did  not  provide  acceptable 
situational  awareness”  to  "provided  optimum  situational  awareness” 
produced  average  ratings  of  1.0,  2.5,  5.0,  and  5.25  for  FOU's  of  40- 
degree  monocular,  40-degree,  90-degree,  and  120-degree  binocular, 
respectively.  Pilots  thus  preponderant  1 y  favored  the  90-  and  120- 
degree  FCW's  and  regarded  them  as  virtually  equivalent  in  their 
effects  on  this  factor. 


6.1.3  Pilot  Acceptability.  When  asked  to  estimate  the  degree  of 
acceptability  for  each  of  the  FCW's  by  the  pilot  community,  the 
subjects  used  a  seven-point  scale  to  rate  the  four  options.  A  score  of 
one  indicated  the  FOU  "would  be  rejected"  and  a  score  of  seven 
indicated  it  "would  be  accepted/desired*.  The  40-degree  options 
provided  average  ratings  of  1.25  and  2.75  for  the  monocular  and 
binocular  cases,  respectively,  while  the  90-  and  120-degree  FQU's 
generated  ratings  of  5.5  and  6,0.  Again,  the  near  equivalency  of  the 
90-  and  120-degree  FOV's  was  maintained. 

6.1.4  Minimum  F0L>  Required.  Responses  were  divided  when  subjects -were 
asked  to  estimate  the  minimum  FOU  required  to  perform  a  helicopter 
mission.  One  subject  felt  the  40-degree  binocular  FOU  was  the  minimum 
display  requirement,  two  indicated  a  display  *n  the  60-  to  90-degree 
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FOV  range  as  the  m  i  n  i  mum ,  and  one  •felt  a  90-degree  FOV  to  be  the 
mi n imum . 

4.1.5  Effect  of  FOV  on  Single-Pilot  Performance.  Pilots  were  asked  t 
narratively  describe  the  effect  FOV  would  likely  have  on  single-pilot 
performance  for  air-to-air,  anti-armor,  and  reconnaissance  missions. 
Their  statements  indicated  that,  for  the  air-to-air  mission,  greater 
FOV's  should  increase  the  accuracy  of  and  decrease  the  time  required 
for  target  acquisition.  It  was  felt  that  a  narrow  FOV  would  limit 
maneuver ab i 1 i ty  and  decrease  acquisition  capability.  A  concern  was 
expressed  that  the  high  workload  resulting  with  a  narrrow  FOV  would 
adversely  affect  survivability.  All  pilots  wanted  as  wide  a  FOV.  as 
possible  for  the  air-to-air  task  and  one  emphasized  the  importance  of 
the  vertical  FOV  saying  at  least  120  degrees  was  required. 

There  was  less  agreement  among  the  pilots  regarding  FOV  effects  on 
the  anti -armor  mission.  Although  two  pilots  felt  they  needed  as  large 
a  FOV  as  possible,  the  other  two  implied  a  smaller  FOV  would  be 
acceptable.  One  stated  that  targets  would  be  easily  acquired  and 
engaged  with  the  40-degree  binocular  FOV  and  that  the  40 -degree 
monocular  FOV  was  acceptable  in  some  cases.  Three  pilots  felt  the 
reconnaissance  mission  required  as  large  a  FOV  as  possible,  while  the 
fourth  stated  that  a  smaller  FOV  would  be  acceptable. 

4.1.4  Hovering.  Due  to  time  limitations,  only  three  of  the  four 
pilots  were  able  to  perform  and  evaluate  the  hover  maneuver  for  each  o 
the  FOV's.  This  rating  was  again  made  on  a  seven-point  scale  ranging 
from  "very  difficult"  to  “very  easy*.  Although  the  flight  dynamics 
model  employed  made  hovering  difficult,  pilots  conjectured  that  the 
progression  of  FOV's  studied  would  result  in  ratings  averaging  1.33, 
3.0,  5.0,  and  6.0,  respectively.  The  judged  superiority  of  relatively 
larger  FOV's  is  again  evident. 

6.1.7  Graphics  Comp  1  ex i ty/Dens i ty .  Since  the  graphic  portrayal  of  th< 
virtual  cockpit  competes  perceptually  with  the  line  graphic  rendering 
of  the  terrain,  an  important  question  arises  as  to  the  optimum  relativi 
complex i ty/dens i ty  of  these  two  display  components.  Subjects  were 
therefore  asked  to  rate  the  existing  versus  the  "ideal1' 

comp  1  ex i ty/dens i ty  of  the  virtual  cockpit  and  terrain  portrayal.  The 
pilots  indicated  the  existing  comp  1  ex i ty/dens i ty  of  the  virtual  cockpi' 
information  was  approximately  what  they  would  envision  in  the  "ideal" 
display,  but  th:.t  the  existing  comp  1  ex  i  ty/densi  ty  of  the  terrain 
portrayal  graphics  was  far  lower  than  desired.  As  expected,  the  lack 
of  horizontal  grid  lines  to  provide  closure,  speed,  and  contextual  cue* 
was  cited  as  a  major  drawback  to  VCASS  terrain  portrayal  graphics. 

6.1.8  Information  Prioritization.  Responses  to  a  query  to  list  and 
prioritize  elements  of  information  essential  for  mission  performance 
generated  a  diverse  range  of  responses  with  little  agreement  among 
pilots  as  to  either  the  nature  or  priority  of  information  required. 
This  result  probably  •'ather  realistically  reflects  individual 
preferences,  tactics  development,  and  past  experience  of  the  pilots 
sampled,  and  also  correlates  with  the  diversity  <i.e.,  lack  of  •  • 
standardization)  of  allocation  of  cockpit  real  estate  to  various 
functions  across  existing  aircrew  stations.  In  general,  however, 
information  elements  high  on  the  list  included  those  most  directly 


relate#  to  survival  <#.g.,  threat  location  and  status,  airspeed, 
altitude  and  heading,  power  management,  and  visual  cues  'for  NOE 
■flight).  Elements  still  essential,  but  lower  on  the  list,  included 
system  status/warnings,  weather,  location  of  friendlies,  and  armament 
configuration  and  ordnance  inventory. 

6.1.9  Number  and  Duration  of  Flights.  Based  upon  their  VCASS 
simulation  experience,  and  assuming  similar  capabilities  with  an 
operational  system,  pilots  were  asked  to  estimate  the  number  of 
missions  per  day  they  could  fly  alone  as  a  single  pilot,  as  opposed  tc 
hauing  a  companion  crewmember  present,  as  a  function  of  mission  length. 
Considering  mission  lengths  of  less  than  one  hour,  one  to  three  hours, 
and  from  over  three  to  five  hours,  the  number  of  flights,  averaged 
across  estimates  from  four  pilots,  is  shown  in  Table  2.  The  estimated 
increase  in  number  of  flights  afforded  by  a  second  crewmember  was 
consistent,  but  small. 


TABLE  2 


ESTIMATED  AVERAGE  NUMBER  OF  FLIGHTS  ONE  VERSUS  TWO  CREWMEMBERS 

COULD  FLY  PER  DAY 


Cr  ew  Size 

One  Two 

Crewmember  Crewmembers 


Less  than 

1  hour 

3.6 

3.75 

M  i  -js  i  cn 

1  to  3 

Dur  at  i  on 

hours 

2.0 

2.75 

3  to  5 
hours 

1  .0 

1  .5 

6.1.10  Effects  of  Cockpit  Technology  on  Pilot  Performance.  Pilots 
were  asked  to  assume  that  three  separate  display  technologies  cou’d 
each  be  applied  in  either  one-  or  two-pilot  configurations  for  an 
advanced  rotary  wing,  multi-role,  mul t i -mi ssi on  vehicle.  The 
technologies  to  be  considered  were:  a)  conventional  Cobra  helicopter- 
type  displays;  b)  multifunction  panel  CRT's;  and  c)  a  virtual 
panoramic  wide  FOV  display.  The  pilots  were  then  asked  to  estimate  the 
percent  of  total  mission  tasks  that  could  be  performed  by  a  single 
pilot,  as  well  as  by  a  two-cr ewmember  team,  with  each  of  these  display 
technologies.  The  average  responses  from  the  four  Dilots  are  shown  in 
Table  3.  While  they  obviously  felt  a  greater  procortion  of  mission 
tasks  could  be  completed  by  two  crewmembers,  as  opposed  to  one,  the 
pilots  thought  the  greatest  increment  in  judged  successful  task 
performance  across  display  technonogies  was  associated  with  the  jump 
from  multifunction  panel  CRT's  to  the  VPD  technology. 
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TABLE  3 


estimated  percent  of  total  tasks  able  to  be  performed  by  one  versus 

TWO  CREWMEMBERS  AS  A  FUNCTION  OF  PRESUMED  DISPLAY  TECHNOLOGY 


Cr  ew  Size 


One 

Two 

Crewmember 

Crewmember  s 

Cobra 

35% 

60% 

Display 

Multifunction 

Panel  CRT's 

54% 

78% 

Technol ogy 

Virtual  Panoramic 
Wide  FOV  Display 

89% 

95% 

6.1.11  VCASS  Simulation  Features,  When  asked  to  express  their  likes 
and  dislikes  about  the  VCASS  simulation,  the  pilots  reported  positive 
remarks  concerning  the  opportunity  to  gain  hands-on  experience 
exploring  the  various  FOV's  and  simulated  avionic  advancements, 
including  long-range  target  acquisition  and  engagements,  voice  warning 
concepts,  arid  virtual  display  graphics  (i.e.,  use  o-f  aircraft  wings  for 
arms  status,  ECM/ASE  status,  and  attitude  cues).  The  pilots  also  felt 
their  VCASS  experience  provided  insight  into  their  own  ability  to 
selectively  accep t/rejec t  information  during  varying  workload  levels. 
They  cited  negative  comments  related  to  the  lack  of  NOE  terrain 
references,  the  lack  of  high  f i del i ty  hel i copter  dynamics,  the 
mission's  ambitious  startup  <i.e.,  rapid  onset  of  events  In  each 
sortie),  their  inability  to  maintain  consistent  airspeed  and  altitude, 
difficulty  separating  the  helmet  display  from  the  terrain  line 
graphics,  the  excessive  number  of  audio  tones  they  had  to  memorize, 
and  difficulty  identifying  points  of  light  (far  off  targets)  on  the 
HMD.  In  general,  however,  the  results  of  this  query  reflected  #.  high 
level  of  satisfaction  with  the  virtual  display  concepts,  and  served  to 
identify  weaknesses  in  the  simulation  which  will  becoma  candidate 
enhancements  for  future  simulations. 

<4,1.12  Switching  Options.  Pilots  were  requested  to  assess  the 
switchology  available  to  them  during  the  VCASS  simulation  and  to 
identify  problems  and  needs.  They  expressed  a  desire  for  a  fire 
control  reticle  when  viewing  at  the  10  si  magnification  and  for  a  radio 
transmit  switch.  Confusion  was  experienced,  since  the  VCASS  missile 
launch  button  serves  as  the  force  trim  interrupt  on  current  Army 
helicopters.  Suggestions  were  made  to  spread  the  switches  out  to 
accommodate  use  by  different  fingers,  to  move  the  rocket  fire  button  to 
the  AH- 1  Cobra  location,  and  to  relocate  the  altitude  hold  switches  to 
a  more  accessible  location.  ... 

When  asked  if  additional  switches  or  switch  modes  would  help  or 
hinder  the  pilot,  their  responses  were  conservative,  cautioning  against 
overloading  the  pilot  b>  increasing  switches  or  switch  modes. 
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6.1.13  Additional  Comments.,  When  given  th*  opportunity  to  provide 
additional  comments,  the  pilots  stated  that  trey  thought  their  ability 
would/did  improve  with  each  -flight,  and  that  perhaps  the  data  cot.' Id 
have  been  more  reliable  with  increased  practice  time.  They 
unilaterally  expressed  h i ch  regard  for  the  current  status  of  UCASS  and 
for  the  virtual  cockpit  concepts  explored. 

6.2  Objective  Data.  No;  unexpectedly,  none  of  the  more  objective 
measures  of  performance  (including  the  StJAT,  Sternberg,  and  a 
comprehensive  set  of  offensive  and  defensive  performance  measures) 
showed  any  effects  of  FOU  whatsoever.  The  reason,  most  likely,  was  due 
to  the  difficulty  of  the  flying  task,  regardless  of  the  FOV  being  used. 
The  on'y  statistically  significant  effect  was  associated  with  the 
orderly  progression  of  learning  by  all  pilots  across  all  FOY's.  That 
is,  an  analysis  of  variance  of  the  number  of  threats  killed  by  the  LHX 
reveal'-d  a  stat  i  st  i  cal  1  y  reliable  improvement  across  blocks  of  trials 
[  F< 3 .  2>-6. 19}  p < . 05  3  . 

j  de  differences  were  observed  as  to  how  each  pilot  approached  the 
various  mission  tasks  (especially  offensive  vs.  defensive  operations, 
and  whether  or  not  the  Sternberg  task  was  faithfully  performed).  For 
example,  at  any  given  point  in  the  series  of  sessions,  one  pilot  might 
have  concentrated  on  learning  how  to  maneuver  to  gain  an  advantage  on 
the  Hind,  while  another  pilot  might  have  expressly  avoided  the  Hind  and 
pursued  the  AAA  or  SAM  sites,  while  a  third  pilot  might  have  avoided  and 
countered  all  threats  to  the  maximum  extent,  while  concentrating  on 
the  primary  objective  of  flying  as  direct  a  course  as  possible  to  the 
tank.  The  purposefully  unstructured  nature  of  the  development  of  these 
individual  approaches  (tactics)  to  the  solution  of  the  problem 
generated  another  source  of  variability  in  performance  that  could  not 
ba  stabilized  within  the  brief  exposure  period  available. 

7.0  SUMMARY  AND  CONCLUSIONS 

I,d  summary,  our  qeneral  observations  are  as  follows:  a)  a  low  rate 
of  learning  (shallow  learning  curve)  was  experienced  by  the  pilots, 
most  likely  due  to  a  combination  of  unfamiliar  helicopter  dynamics  and 
spare*  visual  perspective  cues  for  position  and  motion  feedback  with 
respect  to  terrain  features;  b>  the  virtual  cockpit  provided  wide 
latitude  for  individual  formulation  and  employment  of  tactics,  which 
translates  directly  to  both  more  capability  for  the  pilot,  as  well  as 
more  erratic  behavio,  of  any  single  measure  of  workload  or  mission 
success;  and  c)  future  simulations  will  benefit  greatly  from  the 
information  gained  in  this  exercise. 

Although  simulation  enhancements  under  Phase  II  of  this  joint 
Army/rtFAMRL  effort  must  await  further  tradeoff  analyses  of  alternative 
hardware  and  software  investments,  our  lessons  learned  are  clear  and 
are  as  follows:  a)  the  flight  dynamics  model  must  be  improved. to  the 
point  that  learning  to  fly  the  dynamics  of  the  simulator  takes  little 
or  no  time;  b>  to  be  useful,  the  panoramic  visual  scene  must  be 
upgraded  to  bitter  accommodate  the  relatively  low  and  slow  flight 
regime  of  the  helicopter;  c>  techniques  need  to  be  explored  to  reduce 
the  present  competition  between  the  virtual  cockpit  and  the  i-ne 
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graphic  terrain;  and  d)  -future  studies  must  allow 
of  pilots  in  the  simulator,  prior  to  tha  start  of 
and  evaluation  procedure. 


for  thorough  trainin' 
any  data  col  lection 


Finally,  and  somewhat  surpr i s i ngl y ,  in  recognition  of  the 
admittedly  crude  and  brief  nature  cf  this  simulation  exercise,  pilot 
acceptance  of  the  first  generation  virtual  cockpit  concepts  was 
positive  and  unanimous.  The  dedication  and  attitude  of  the  pilots 
toward  this  exploratory  effort  was  remarkable  and  thoroughly 
appreciated. 
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Indoctrination  Instructions  for  VCASS  LHX  Pilots 


Welcome  to  AFAMRL  and  the  first  generation  of  LHX  mission  simulations 
using  the  VCASS  {Visually  Coupled  Airborne  Systems  Simulator). 

The  primary  purpose  of  our  present  study  is  to  familiarize  you  with  the 
VCASS  facility  and  provide  a  structured  set  of  mission,  visual  field-of-view 
(FOV)  and  secondary  tasking  conditions  while  you  fly  directed  courses  over  a 
rudimentary  terrain  representation. 

You  will  have  approximately  one  hour  of  practice  time  (more  if  you 
desire)  in  VCASS  to  become  familiar  with  the  helmet -display  system,  aircraft 
controls,  control  dynamics,  terrain  portrayal,  ASE,  and  threat  activities 
represented.  During  approximately  the  first  half  -of  this  period,  you  will 
have  a  120°  binocular  FOV  on  the  Helmet  Mounted  Display  (HMD).  Since  we 
measure  head  position,  the  scene  you  see  depends  on  where  you  turn  your  head, 
i.e.j  where  your  helmet  alms.  Prior  to  the  run  the  helmet  will  be  adjusted  to 
attain  as  comfortable  a  fit  as  possible  while  maintaining  the  full  FOV 
available  throughout  all  desired  head  positions.  You  may  also  adjust  the  HMD 
optics  to  accommodate  your  Individual  eye  separation  distance,  as  well  as 
boreslght  the  display.  The  location  and  operation  of  cockpit  controls  will  be 
fully  explained. 

During  the  simulation  you  will  hear  audio  tones  representing  various 
modes  of  enemy  threat  systems.  You  will  have  ASE/ECM  capabilities  as 
described  to  you  shortly.  Procedures  for  aiming  and  firing  weapons  will  also 
be  explained. 
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After  you  fee!  comfortable  handling  the  flight  control  aspects  of  the 
simulator,  you  will  be  asked  to  follow  the  command  heading  to  the  target,  a 
tank,  in  order  to  destroy  it  as  soon  as  possible.  Since,  during  this  early 
period,  you  have  not  been  asked  to  attack  or  defend  against  the  HIND  or 
against  ground-based  threats,  you  may  be  (repeatedly)  shot  down  by  enemy  guns 
or  missiles.  When  this  happens,  your  display  will  be  automatically  blanked 
for  1  to  2  seconds.  When  your  display  reappears  you  will  be  at  your  prior 
coordinate  position,  but  at  100  feet  AGL.  After  destroying  the  tank,  you  may 
go  after  the  HJND  or  any  of  the  AAA  or  SAM  sites.  Throughout  this  and  the 
remainder  of  the  practice  sessions,  as  well  as  the  experimental  sessions,  you 
will  be  confronted  with  a  total  of  five  threat  systems:  one  AAA  site,  three 
SAM  sites,  and  the  HIND  helicopter  (the  tank  remains  passive  at  all  times). 

The  three  SAM  sites  represent  relatively  short,  medium,  and  long  acquisition 
and  missile  range  capabilities,  respectively.  Furthe**  details  on  these  threats 
will  be  provided  later.  Keep  in  mind  that  the  HIND  will  chase  you  until  you 
shoot  it  down.  At  that  time,  you  will  see  a  burst  signalling  a  hit  (and  kill) 
and  approximately  five  seconds  later  a  new  HIND  will  appear  at  a  random 
location  somewhere  within  the  gaming  area.  In  contrast,  the  tank,  AAA,  and 
SAM  sites  will,  on  any  particular  trial,  stay  deac  once  they  are  destroyed. 

The  remainder  of  your  practice  trials  are  to  familiarize  you  with  the  smaller 
fields  of  view  (FOVs)  as  well  as  the  other  tasks  that  you  will  perform  within 
and  between  the  experimental  sessions.  The  other  FOVs  V/ill  be  a  90° 
binocular,  a  40°  binocular,  and  40°  monocular.  You  will  be  told  which  you  are 
viewing  at  the  start  of  a  series  of  trials  using  a  particular  F0V. 

We  want  a  more  or  less  continuous  measure  of  your  workload  and  how  much 
reserve  capacity  you  have  remaining  at  any  point  in  the  mission.  To  obtain 
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the  data,  you  will  perform  a  short-term  memory  task  during  the  mission.  This 
task  is  known  as  a  Sternberg  task,  and  will  require  you  to  respond  "yes"  or 
"no"  to  each  of  a  series  of  alphabetic  characters  that  either  are  or  are  not 
one  of  a  previously  memorized  character  set.  The  procedure  for  the  Sternberg 
is  as  follows.  Prior  to  the  start  of  a  trial,  you  will  hear  either  one  or 
four  alphabetic  computer-synthesized  speech  characters  over  the  headset.  As  a 
backup  to  this  auditory  presentation,  you  will  be  given  a  printed  card  with 
one  or  four  characters,  as  appropriate,  to  memorize.  When  you  are  sure  that 
you  have  them  memorized,  and  give  the  card  back  to  the  experimenter,  the  trial 
will  start.  When  items  are  presented  over  the  headset,  indicate  whether  each 
item  (or  probe,  as  it  is  called)  is  or  is  not  one  of  the  items  that  was  on  the 
card  by  pushing  the  rocker  switch  on  the  top.  Inboard  side  of  the  collective. 
Please  rest  your  thumb  on  this  switch  at  all  times  while  flying  so  that  we  get 
accurate  response  times.  Push  the  switch  forward  if  the  probe  item  is  one  in 
the  memory  set,  and  backward  if  it  is  not.  Remember,  forward  for  "yes",  back 
for  "no".  Keep  in  mind  that  your  main  task  is  still  to  fly  the  aircraft,  go 
after  the  tank,  and  deal  with  the  various  threats  as  best  you  can  in  order  to 
stay  alive.  You  are  allowed  to  not  respond  to  the  Sternberg  items  during 
those  periods  in  which  you  feel  that  you  have  no  capacity  to  perform  anything 
but  the  flight  task.  However,  in  the  Interests  of  data  validity,  please  try 
to  keep  up  with  the  Sternberg  task.  If  you  have  made  no  response  to  a  probe 
item  after  three  seconds,  a  non-response  will  be  recorded  and  a  new  probe  item 
will  be  presented.  The  visual  scene  available  permits  you  to  terrain  mask 
yourself  from  enemy  acquisition  and  missile  homing  devices.  It  will  also  be 
possible,  under  certain  conditions,  for  you  to  outmaneuver  launched  enemy, 
weaponry.  In  general,  the  greater  your  speed  and  the  closer  your  cross-path 


trajectories  are  to  90°  (yours  vs.  the  missile  or  gun  rounds)  the  higher  your 
chance  of  being  able  to  avoid  the  hit  by  making  a  jinking  maneuver. 

In  the  event  of  an  enemy  hit  on  your  aircraft,  or  if  you  crash  at  any 
time,  the  same  1  to  2  second  screen  blanking  will  occur  followed  by  a  reset  to 
100  feet  AGL. 


Except  for  your  original  approximately  30  minute  practice  session,  every 
other  trial  will  last  for  five  minutes.  At  the  conclusion  of  each  trial  you 
will  be  asked  to  perform  SWAT  (Subjective  Workload  Assessment  Test)  ratings 
for  the  previous  trial.  Once  the  practice  trials  have  been  completed  (one  or 
two  five  minute  sessions  at  each  of  the  other  FOVs),  the  experimental  trials 
will  start.  There  will  be  about  a  three  minute  break  between  trials,  during 
which  you  will  make  the  SWAT  ratings  and  commit  the  Sternberg  item(s)  to 
memory,  in  preparation  for  the  next  trial. 

Each  trial  will  start  with  you  hovering  over  the  same  point  on  the 
simulated  terrain.  The  HIND,  AAA,  and  SAM  threats  will  be  positioned  randomly 
from  10  to  20  km  away.  In  each  new  trial  threats  will  be  in  different 
locations,  always  no  nearer  than  10  km  and  no  further  than  20  km  away.  Use 
available  terrain  features  to  mask  yourself,  use  your  gun,  missiles,  and 
ASE/ECM  to  counter  threats  when  appropriate  and  jink  to  avoid  oncoming 
missiles  or  cannon  fire. 

GOOD  LUCK!!! 


!  1 


Are  there  any  questions? 
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Annex  VI  to  Appendix  R 
HUMAN  FACTORS  ASSESSMENT  OF  VOICE 


im  THE  LIGHT 


SiiilLLI  ILHXI 


R-VI-i.  The  technical  memorandum,  "Human  Factors  Assessment  of 
Voice  Technology  for  the  Light  Helicopter  Family  (LHX) *  is  repro¬ 
duced  on  the  following  pages. 
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LIGHT  HELICOFTER  FAMILY  ( LHX) 


Frank  J.  Malkin 
Kathleen  A.  Christ 
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ABSTRACT 

=€ 


This  report  was  written  in  support  of  the  technology 
trade-off  analysis  ;TOA)  performed  for  the  Light  Helicopter  Family 
(LHX).  The  human  factors  aspects  of  applying  voice  technology  to 
an  LHX  aircraft  with  full-scale  development  in  1987  are  addressed. 
A  description  of  voice  technology  and  its  advantages  and 
disadvantages  is  provided,  potential  applications  for  voice 
technology  in  an  LHX  aircraft  are  discussed,  the  issues  related  to 
voice  technology  applications  are  reviewed,  and  conclusions  are 


drawn 
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HUMAN  FACTORS  ASSESSMENT  OF  VOICE  TECHNOLOGY  FOR  THE 

r 

LIGHT  HELICOPTER  FAMILY  ( LHX) 


INTRODUCTION 

An  Army  helicopter  pilot's  workload  is  unique.  The  visual 
workload  is  saturated  due  to  the  "out-the-window"  visual  demands 
of  flyinq  at  or  below  treetop  level,  sometimes  at  niqht  and  in 
adverse  weather  conditions.  The  manual  workload  is  equally 
saturated  because  current  helicopters  require  both  hands  and  both 
feet  for  control.  The  Army  normally  employs  a  copilot  in  its 
aircraft.  The  workload  of  the  copilot  in  a  tactical  mission  is 
as  great  if  not  greater  than  that  of  the  pilot.  One  of  the 
responsibilities  of  the  copilot  is  navigation.  Comparing  terrain 
features  on  a  map  with  the  actual  terrain  features  on  the  earth's 
surface  is  an  especially  demanding  task  when  accomplished  while 
flying  at  altitudes  below  100  feet.  While  the  identification  of 
terrain  features  primarily  requires  the  visual  attention  of  the 
copilot,  his  hands  are  also  busy  handling  maps,  checklists,  and 
tactical  notes.  Thus,  the  pilot  and  copilot  in  current  Army 
helicopters  experience  high  levels  of  workload  while  flyinq  and 
navigating.  This  does  not  include  the  additional  workload 
resulting  from  other  tasks  such  as  communications,  subsystem 


monitoring,  threat  detection  and  avoidance,  and  mission 
accomplishment  (weapons  firing,  reconnaissance,  etc.) 

The  (JS  Army  is  formulatina  concepts  for  the  development  of  a 
family  of  light  helicopters  (LHX).  Concepts  for  the  cockpit 
include  a  hiqh  level  of  automation  which  may  enable  the  demanding 
tasks  described  above,  which  are  currently  performed  by  two 
crewmembers,  to  be  performed  by  a  single  pilot.  This  automation 
would  incorporate  high-technology  sensors  and  advanced  displays 
and  controls  using  artificial  intelligence  and  voice  technology. 

Voice  technology  is  being  considered  for  the  LHX  because  it 
provides  an  alternative  means  of  interacting  with  onboard 
systems.  It  is  anticipated  that  the  visual  and  manual  workload 
of  aircrews  can  be  reduced  somewhat  by  converting  some  of  the 
visual  and  manual  tasks  to  speech  and  auditory  tasks. 


PURPOSE 


This  paper  addresses  the  human  factors  aspects  of  applying 
voice  technology  to  an  LHX  aircraft  with  full-scale  development 


in  1987.  A  description  of  voice  technology  and  its  advantages 
and  disadvantages  is  provided,  potential  applications  for  voice 
technology  in  an  LHX  aircraft  are  discussed,  the  issues  related 
to  voice  technology  applications  are  reviewed,  and  conclusions 
are  drawn. 


VOICE  TECHNOLOGY 


Voice  technology,  which  encompasses  computer  generation  and 
recognition  of  speech,  provides  a  potential  for  reducing  the 
visual  and  manual  workload  by  changing  some  of  the  pilots’  visual 
and  manual  tasks  to  auditory  and  speech  tasks.  Computer 
generation  of  speech  (speech  generation)  is  the  means  by  which 
the  pilot  can  receive  systems  information  aurally  through  his 
headset.  Computer  recognition  of  speech  (speech  recognition) 
provides  the  pilot  with  the  capability  of  interfacing  with 
aircraft  systems  by  speaking  to  them. 

Speech  Generation 
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Speech  qeneration  refers  to  verbal  messages  generated  by  an 
onboard  computer  system  which  provide  cautions,  warnings,  or 
other  information  to  the  pilot. 

Currently,  there  are  two  processes  for  generating  speech 
which  we  will  call  digitized  speech  and  synthesized  speech. 
Digitized  speech  is  produced  by  recording  the  human  voice  and 
converting  the  voiced  message  to  a  digital  form  and  storing  it  in 
computer  memory.  When  the  message  is  to  be  transmitted  to  tne 
pilot,  it  is  converted  back  to  its  original  spoken  form. 
Synthesized  speech  is  produced  totally  by  machine.  The  human 
vocal  tract  is  modeled  electronically,  and  the  phonemes 
(approximately  40  basic  sounds  that  make  up  the  English  language) 
are  electronically  reproduced  to  create  speech-like  quality. 

There  are  advantages  and  disadvantages  to  each  process,  which 
will  be  discussed  later. 


Speech  Recognition 

Speech  recognition  permits  the  pilot  to  interact  with 
aircraft  subsystems  using  speech.  To  accomplish  this,  the  speech 
recognizer  analyzes  and  converts  the  aviator's  spoken  commands  to 
digital  signals  that  control  aircraft  systems.  The  primary 
advantage  of  speech  recognition  technology  is  that  it  permits  the 
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pilot  to  interact  with  controls  and  displays  using  spoken 
commands  while  leaving  his  hands  and  eyes  free  for  critical 
flight  and  navigation  tasks. 

State-of-the-art  speech  recognition  technology  is  currently 
limited  primarily  to  speaker-dependent,  isolated  word  recognition 
systems.  "Speaker  dependent"  refers  to  the  fact  that,  prior  to 
use,  the  system  must  be  provided  with  a  sample  of  how  each 
operator  pronounces  the  words  in  a  predetermined  vocabulary. 

This  is  commonly  referred  to  as  training  the  system.  Depending 
upon  the  manufacturer's  design,  anywhere  from  1  to  1 0  samples  of 
the  potential  user's  speech  pattern  must  be  provided  for  each 
vocabulary  word.  These  samples  are  then  stored  in  memory  as 
references  for  later  comparisons.  When  in  use,  the  system 
recognizes  words  by  comparing  current  utterances  with  the  samples 
stored  in  memory  and  selecting  the  closest  match. 

"Isolated  word  recognition"  refers  to  the  characteristic  of 
current  systems  where  utterances  are  typically  less  than  2 
seconds  in  duration  and  a  distinct  pause  is  required  between  each 
vocabulary  item. 

These  speaker-dependent,  isolated  word  speech  recognition 
systems  can  be  used  with  vocabularies  consisting  of  200-300 
words.  Used  in  a  quiet  setting  by  a  limited  number  of  selected 
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personnel,  the|e  systems  are  capable  of  obtaining  recognition 
accuracy  rates  of  99  percent  or  more.  This  vocabulary  size 
appears  to  be  sufficient  for  employing  voice  technology  in 
aircraft.  Recognition  accuracy  will  be  discussed  later. 

The  limitations  of  these  speaker-dependent,  isolated  word 
systems  are  the  need  to  train  the  system  prior  to  use  and  the 
need  to  pause  between  each  utterance.  Training  the  system  can  be 
time-consuming,  and  pausinq  between  utterances  slows  data  entry 
and  creates  an  unnatural  form  of  speaking. 

Manufacturers  of  speech  recognition  devices  are  attempting 
to  develop  systems  that  will  overcome  these  limitations. 

Speaker- independent  systems  allow  anyone  to  use  the  speech 
recognizer  without  first  having  to  provide  speech  samples.  This 
is  difficult  to  achieve  because  of  the  variability  in  speech 
patterns  among  individuals. 

Connected  word  speech  recognition  systems  allow  utterances 
of  several  seconds  in  duration  regardless  of  the  presence  or 
absence  of  pauses.  The  vocabulary  for  connected  word  recognition 
is  typically  structured  and  limited  in  3ize.  A  typical 
application  for  connected  word  recognition  is  the  entry  of  digits 
such  as  the  coordinates  for  navigation  waypoints. 


to 
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Continuous.  speech  recognition  allows  a  totally  natural  form 
of  speech  with  an  unrestricted  vocabulary — the  way  we  speak  with 
each  other.  The  difficulty  with  obtaining  continuous  speech 
recognition  is  that  word  boundary  detection  is  an  important 
aspect  of  speech  recognition  technology.  With  completely  natural 
speech,  current  machines  cannot  reliably  determine  when  one  word 
ends  and  the  next  begins. 

Most  of  the  speech  recognition  devices  available  on  the 
market  today  are  the  speaker-dependent,  isolated  word  type. 
Several  manufacturers  now  offer  speaker-dependent,  connected  word 
systems;  and  some  manufacturers  are  promising  speaker-independent 
systems  in  the  near  future.  Reliable  and  cost-effective 
continuous  speech  recognition  remains  a  long-range  qoal.  Speech 
recognizers  for  early  LHX  aircraft  will  probably  be 
speaker-dependent,  connected  word. 

A  limited  number  of  vendors  in  the  United  States  who  are 
developing  prototype  speech  recognizers  specifically  designed  to 
withstand  the  noise,  vibration,  and  temperatures  associated  with 
aircraft.  Tvo  of  these  systems,  manufactured  by  Texas 
Instruments  and  Lear-Siegler ,  are  currently  being  tested  by  the 
US  Air  Force  under  the  Advanced  Fighter  Technology  Integration 
(AFTI)  program.  Some  of  the  results  of  these  tests  will  be 
discussed  later.  The  Navy  is  initiating  voice  technology  flight 
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testing  in  an  ^?-18  fighter  aircraft.  The  Array  has  plans  for 
flight  testing  of  voice  interactive  systems  in  a  UH-60  utility 
helicopter  during  the  summer  of  1985. 

One  of  the  prototype  voice  systems  undergoing  flight  testing 
incorporates  both  speech  recognition  and  speech  generation  in  one 
unit.  The  hardware  consists  of  a  processor  and  a  control  panel. 
The  following  characteristics  of  this  system  are  furnished  to 
provide  a  general  concept  of  the  power,  size,  and  weight 
requirements  of  airborne  voice  interactive  systems. 

POWER:  28V  DC;  115V  AC,  single  phase,  400  Hz 

DIMENSION: 

Processor  -  17  x  9  x  7-1/4  inches 
Control  Panel  -  6  x  5-1/4  x  2-1/4  inches 


WEIGHT: 

Processor  -  42  pounds 
Control  Panel  -  2,3  pounds 

It  is  anticipated  that  the  weight  of  future  production  voice 
systems  could  be  reduced  to  10  pounds  or  less  with  a 
corresponding  reduction  in  size. 
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Advantages  and^Disadvantages  of  Voice  Technology 

The  primary  advantage  of  using  voice  technology  in  the 
cockpit  is  that  the  crewmember ( s)  can  interact  with  aircraft 
subsystems  while  leaving  the  eyes  and  hands  free  for  critical 
flight  and  navigation  tasks.  Other  advantages  of  voice 
technology  are  that  it: 

a.  Can  be  faster  than  other  modes  of  communication. 

b.  Can  be  more  accurate  than  other  modes  of  communication. 

c.  Is  the  most  natural  form  of  communication. 

d.  Requires  less  effort  and  motor  activity  than  other 
communication  modes. 

e.  Can  be  operated  in  darkened  environments. 

There  are  also  disadvantages  to  using  voice  technology  in 
the  cockpit.  The  high  noise  levels  generated  by  the  helicopter 
may  affect  the  performance  of  voice  technology  systems.  Also, 
changes  in  the  operator's  speech  due  to  fatigue,  stress,  colds, 
or  physical  activity  may  affect  speech  recognizer  performance. 


These  advantages  and  disadvantages  will  be  expanded  upon 
when  voice  technology  issues  are  addressed  later  in  thi3  paper. 


POTENTIAL  VOICE  APPLICATIONS 


As  mentioned  previously,  speech  recognition  provides  an 
alternative  to  manual  activation  of  switches  and  controls;  and 
speech  generation  provides  an  alternative  to  the  visual  display 
of  messages  and  information. 

To  determine  which  tasks  are  best  accomplished  by  speech 

recognition  and  speech  generation,  a  detailed  task  and  functional 

analysis  should  be  performed  viewing  the  cockpit  as  a  total 

« 

system,  including  the  mission  and  the  battlefield  environment. 

Present  attempts  to  assess  potential  applications  of  voice 
technology  for  the  LHX  are  hampered  by  the  inability  to  perform 
the  desired  detailed  analysis.  The  configuration  of  the  LHX 
cockpit  and  the  advanced  technologies  to  be  used  in  the  cockpit 
are  not  yet  fully  defined. 

However,  it  is  possible  to  generally  project  potential 
applications  for  voice  technology  in  a  future,  sinqle-pilot  LHX 
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aircraft  by  examining  the  functions  involved  in  flying  the 


aircraft  and  performing  the  mission. 


Unmask/Remask 

It  is  not  anticipated  that  a  task  as  critical  as  controlling 
a  helicopter  during  nap-of-the-earth  flight  will  be  accomplished 
to  any  large  degree  by  voice.  However,  it  is  possible  that  voice 
could  be  used  for  limited  flight  control  such  as  "bob-up"  and 
"remasking"  maneuvers. 

Consider  a  task  in  which  a  single  pilot  is  required  to  "bob 
up"  from  a  hover  while  simultaneously  operating  a  target 
acquisition  and  detection  system.  It  would  appear  to  be 
impossible  to  perform  both  tasks  simultaneously.  With  the 
computer  technology  expected  to  be  available  for  the  LHX,  it 
would  be  a  simple  matter  for  the  pilot  to  command  "bob  up"  and 
the  aircraft  to  respond  by  automatically  climbing  vertically  to  a 
preselected  hover  altitude.  When  ready  to  descend,  the  pilot 
commands  "remask"  for  the  aircraft  to  return  automatically  to  its 
original  hover  point. 


Target  Acquisition  and  Detection  Systems 


Speech  recognition  could  be  used  by  the  crewmember  to 

t 

interact  with  the  target  acquisition  and  detection  system. 
Weapons,  sensors,  f ields-of ••view,  and  armament  could  be  selected 
by  verbal  command. 


Communications 

It  is  envisioned  that  by  using  speech  to  tune  radios,  it  may 
no  longer  be  necessary  for  the  pilot  to  memorize  or  make 
reference  to  printed  lists  of  numeric  radio  frequencies.  The 
radio  could  be  set  to  the  correct  frequency  or  channel  by  saying 
the  call  sign  of  the  station  to  be  contacted.  Feedback  that  the 
proper  frequency  had  been  set  by  the  computer  could  appear  cn  a 
display  along  with  pertinent  communications  equipment  operational 
instructions  (CEOI)  data. 


Navigation 

The  results  of  several  research  studies  indicate  that 
entering  complex  data  by  speech  while  flying  at  nap-of-the-earth 
may  be  less  disruptive  to  the  flight  control  of  the  aircraft  than 
entering  data  by  keyboard.  If  a  visual  map  display  is  available, 
the  entry  of  navigation  waypoints  can  be  greatly  simplified  by 


combining  the  use  of  speech  recognition  technology  and  a  touch¬ 
es 

sensitive  panel  installed  on  the  map  display.  The  pilot  could 
point  to  a  geographical  location  on  the  map  and  say,  "waypoint 
one."  The  waypoint  would  be  entered  into  the  system  without 
having  to  read  a  string  of  alphanumeric  characters.  Speech 
recognition  could  also  be  used  to  change  scene  content  or  the 
scale  of  the  map. 

As  with  current  visual  displays-,  it  will  probably  be 
necessary  to  ensure  that  the  displays  in  the  LKX  do  not  become 
cluttered  by  attempting  to  present  too  much  information . 
Information  such  as  distance  to  waypoint  could  be  eliminated  from 
the  display  using  voice  interactive  technology.  When  this 
information  is  needed,  the  pilot  would  request  the  information 
using  speech  recognition  and  would  receive  the  information 
through  his  headset  via  speecn  generation. 


Subsystems  Status  Monitoring 

It  is  likely  that  in  an  LHX  aircraft,  the  computer  will  be 
used  to  monitor  the  subsystems  (i.e.,  engine,  transmission,  and 
hydraulics),  freeing  the  pilot  from  this  task.  V’hen  the  computer 
senses  that  a  subsystem's  upper  or  lower  limit  is  being  reached, 
it  will  alert  the  pilot.  This  can  be  accomplished  visually, 
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auditorily,  or  by  a  combination  of  both.  Cautions  and  warnings 

t 

can  be  easily  presented  by  speech  generation.  It  appears  that 
only  high-priority  warning  messages  will  be  presented  by  voice. 
For  lower  priority  cautions  and  warnings,  voice  could  be  employed 
to  call  attention  to  the  visual  display  where  cbe  actual  message 
is  displayed. 

Speech  recognition  could  be  used  to  request  subsystem  status 
when  required  by  the  pilot.  Depending  upon  the  nature  of  the 
information  requested,  ic  can  be  presented  either  visually  on  a 
display  or  aurally  by  speech  generation. 


Aircraft  Survivability  Equipment 

Threat  warnings  should  be  among  the  highest  priorities  for 
speech  generation  messages.  The  AN/APR-39  Radar  Warning  Receiver 
is  currently  undergoing  modification  to  include  a  speech 
generation  capability.  Speech-generated  threat  warnings  will 
eliminate  the  current  requirement  of  discerning  and  interpreting 
among  a  variety  of  tones  to  obtain  threat  information. 


The  preceding  paragraphs  are  just  a  few  examples  of  the 
possible  applications  for  speecn  technology  in  an  LHX  aircraft. 


If 
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Certainly,  others  ha^e  thought  of  additional  applications. 
Aqain,  the  actual  application  for  speech  technology  will  depend 
on  the  specific  configuration  of  the  cockpit  as  well  as  the 
mission  requirements. 


VOICE  TECHNOLOGY  ISSUES 


It  aopears  that  there  are  several  potential  applications  for 
voice  technology  in  the  LHX  cockpit.  However,  voice  technology 
is  not  yet  fully  matured;  and  some  important  issues  remain  to  be 
resolved  before  voice  interaction  can  be  successfully  used  in 
these  applications.  Computer  recognition  of  speech  is  more 
difficult  to  achieve  than  is  computer  generation  of  speech.  The 
issues  affecting  speech  recognition  are  much  more  critical  than 
those  affecting  speech  generation  and  will  require  a  greater 
effort  to  overcome.  This  section  discusses  tne  important  issues 
as  they  relate  to  the  LHX.  The  first  six  of  the  following  issues 
relate  to  speech  recognition;  the  last  two  relate  to  speech 
generation. 


Recognition  Accuracy 
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In  the  following  discussions  of  speech  recognition  issues, 
repeated  references  will  be  made  to  recognition  performance  in 
terms  of  either  accuracy  or  error  rates.  What  has  not  been 
determined  is  what  constitutes  acceptable  performance.  Is 
99-percent  recognition  accuracy  required?  Is  95  percent 
acceptable?  The  answer  probably  depends  on  the  task  being 
performed.  The  more  critical  the  task,  the  greater  the  accuracy 
required.  If  voice  is  used  to  control  weapons,  greater  accuracy 
may  be  required  than  if  voice  is  used  to  scroll  a  "before 
takeoff"  checklist.  There  is  a  wide  range  of  recognition 
performance  reported  in  the  literature,  but  the  level  of 
performance  that  is  considered  to  be  acceptable  has  not  been 
determined. 


Manual  versua  Voice  Data  Entry 

Computer  teci.  3logy  will  play  a  significant  role  in  the  LHX 
cockpit.  The  current  method  for  entering  data  into  a  computer  is 
through  a  keyboard  or  function  keys  of  some  type.  Pilots  flying 
at  or  below  treetop  level  may  not  have  "eyes  and  hands  free"  for 
keyboard  operations.  Several  studies  (1,  7,  11,  19)  have  been 
performed  to  determine  if  voice  provides  any  benefits  over  the 
manual  keyboard  method  of  data  entry.  The  results  of  these 
studies  generally  indicate  that  for  simple  digit  entry  tasks, 


keyboard  is  faster  than  voice  but  for  more  complex  data  entry 
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tasks,  voice  is  faster.  Also,  when  data  entry  is  performed 
concurrently  with  a  task  similar  to  flying,  voice  data  entry  is 
less  disruptive  to  the  task. 

In  one  laboratory  experiment  (19),  voice  data  entry,  manual 
data  entry,  and  a  tracking  task  (keeping  a  randomly  moving  symbol 
centered  along  a  horizontal  line)  were  each  performed  as  isolated 
tasks.  Voice  data  entry  and  manual  data  entry  were  also 
performed  concurrently  with  the  tracking  task.  The  data  entry 
was  varied  so  that  sets  of  either  4,  8,  or  16  digits  had  to  be 
entered.  The  results  were  that,  when  performed  in  isolation,  the 
mean  time  for  manual  entry  was  faster  than  voice  by  .05  seconds. 
However,  when  data  entry  was  performed  concurrently  with  the 
tracking  task,  the  mean  time  for  voice  was  faster  by  .40  seconds. 
For  the  set  of  4  digits,  the  mean  time  for  manual  entry  was 
faster  than  voice  by  .14  seconds.  For  the  sets  of  8  and  16 
digits,  the  mean  time  for  voice  entry  was  faster  by  .18  and  .48 
seconds,  respectively.  All  of  these  differences  in  times  were 
statistically  significant. 

Manual  entry  had  a  higher  error  rate  than  did  voice  entry, 
both  when  performed  as  an  isolated  task  and  when  performed 
concurrently  with  the  tracking  task.  When  performed  in 
isolation,  the  mean  error  rate  for  manual  data  entry  was 


1.37  percent  versus  .504  percent  for  voice  data  entry.  When 
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performed  concurrently  with  the  tracking  t^sk,  the  mean  error 
rate  was  3.73  percent  for  manual  data  entry  and  .746  percent  for 
voice  data  entry.  This  error  rate  represents  human  input  errors. 
The  mean  error  rate  of  the  speech  recognizer,  as  measured  by  the 
number  of  times  the  recognition  unit  raisrecognized  voiced  inputs, 
was  17.94  percent.  For  purposes  of  this  experiment,  subjects 
were  instructed  not  to  correct  errors.  It  is  likely  that  if 
subjects  attempted  to  correct  machine  misrecognitions ,  a 
significant  degradation  in  speed  of  entry  for  the  voice  method 
would  have  occurred. 

The  results  of  this  experiment  were  reported  in  1979. 

Speech  recognition  algorithms  have  improved  considerably  since 
that  time,  and  one  would  not  expect  an  error  rate  this  large  with 
speech  recognizers  developed  more  recently.  The  experiment 
illustrates  the  potential  advantage  for  voice  data  entry  if 
speech  recognition  accuracy  could  approach  99  percent. 

Another  experiment,  conducted  by  the  US  Air  Force,  compared 
manual  and  voice  data  entry  in  a  more  realistic  aviation 
setting  (1).  Air  Force  pilots  participated  in  this  experiment 
.using  a  fighter  cockpit  simulator.  The  pilots  were  required  to 
enter  data  manually  and  verbally.  Voice  data  entry  and  manual 
data  entry  were  performed  in  isolation  and  concurrently  with  a 
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simulated  terrain  fliqht  task.  In  this  experiment,  manual  data 
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entry  was  faster  than  voice  with  mean  times  of  5.21  seconds  for 
the  manual  method  and  6.29  seconds  for  the  voice  method. 

However,  there  was  a  400-millisecond  response  laq  for  each  entry 
by  voice  duo  to  the  hardware  configuration  of  the  speech 
recognizer.  If  the  400  milliseconds  were  subtracted  from  each 
voice  entry,  the  mean  time  would  decrease  to  4.60  seconds,  which 
is  faster  than  the  5.21  seconds  for  manual  data  entry. 

Comparing  the  manual  and  voice  methods  of  data  entry  when 
performed  in  isolation  and  when  performed  concurrently  with  the 
flying  task,  performance  for  the  voice  method  remained  similar  in 
both  conditions  (6.21  versus  6.38  seconds);  whereas,  the 
performance  for  the  manual  method  declined  from  4.67  seconds  when 
performed  as  an  isolated  task  to  5.76  seconds  when  performed 
concurrently  with  the  flying  task. 

Because  of  the  pilot  test  participants'  confusion  regarding 
the  proper  procedure  for  correcting  errors,  general  conclusions 
concerning  a  comparison  of  error  rates  between  the  manual  and 
voice  data  entry  methods  could  not  be  stated  with  any  certainty. 
However,  it  was  reported  that  voice  data  entry  probably  had  a 
higher  error  rate  as  a  result  of  misrecognitions  by  the  speech 
recognizer.  In  this  experiment,  the  speech  recognizer  had  a 
recognition  accuracy  of  95  percent. 


Flight  performance  was  impacted  least  when  data  was  entered 
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by  voice  in  that  performance  remained  similar  whether  the  flight 
task  was  performed  in  isolation  or  concurrently  with  data  entry 
by  voice.  However,  performance  on  the  flight  task  deteriorated 
when  accomplished  concurrently  with  the  manual  method  of  data 
entry. 

If  speech  recognition  is  used  in  the  LHX,  it  is  not  likely 
that  it  will  eliminate  the  need  for  some  method  of  manual  input 
in  the  cockpit.  The  research  conducted  to  date  indicates  that 
when  short  digit  strings  are  to  be  entered  or  when  workload  is 
low,  manual  entry  of  data  may  be  more  effective.  However,  for 
longer  digit  strinq3  or  complex  data  and  when  workload  is  high, 
voice  entry  of  data  may  be  more  effective,  ‘.t  is  important  to 
point  out  that  this  research  was  accomplished  using  isolated  word 
recognizers.  The  results  may  be  different  if  connected  word 
recognizers  are  compared  with  keyboard  entry.  At  any  -ate, 
manual  input  of  some  type  will  probably  be  required  as  a  backup 
to  speech  recognition  systems. 

Noise 

Standard  speech  recognition  devices  have  been  shown  to  be 
extremely  sensitive  to  background  noises  associated  with  the 
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aircraft  environment.  If  a  speech  recognition  device  is  trained 
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in  a  quiet  environment  followed  by  attempts  to  use  it  in  a  noisy 
environment,  severe  degradation  in  performance  usually  results 
<6,  7,  12,  17). 

In  research  at  the  Avionics  Research  and' Development 
Activity  (AVRADA),  Fort  Monmouth,  NJ,  a  speech  recognition  device 
that  was  trained  in  a  quiet  setting  was  then  tested  in  a  107-dBA 
UH-60  noise  environment  (17).  The  noise  environment  was  provided 
by  playing  taped  UH-60  cockpit  noise  in  a  laboratory  acoustic 
chamber.  The  accuracy  rate  with  which  the  device  correctly 
recognized  vocabulary  inputs  was  reported  at  33  percent,  which  is 
well  below  the  99-percent  accuracy  rate  obtained  by  the 
manufacturer  in  a  quiet  laboratory  setting.  One  way  of  improving 
recognition  performance  in  a  noisy  environment  is  to  train  the 
device  in  the  noise  environment  in  which  it  is  to  be  used.  When 
the  device  was  trained  and  tested  in  the  107-dBA  noise 
environment,  the  recognition  accuracy  rate  increased  to  78 
percent.  Another  method  for  improving  recognizer  performance  in 
noisy  conditions  is  to  separate  or  strip  away  the  noise  from  the 
SDeech  signal  before  the  speech  signal  enters  the  speech 
recognizer.  Using  such  a  noise-cancelling  device,  AVRADA 
researchers  attained  accuracy  rates  of  80  percent  and  83  percent 
with  two  test  subjects  when  a  speech  recognizer  (different 


manufacturer  t£an  that  used  in  the  previous  test)  was  trained  in 
quiet  and  then  tested  in  107-dBA,  UH-60  noise. 

Encouraginq  results  using  a  speech  recognizer  in  noise  were 
obtained  durinq  a  test  conducted  at  the  NASA-Ames  Research 
Center,  Moffett  Field,  CA,  (6).  The  speech  recognizer  was  tested 
in  an  acoustics  chamber  with  eight  users,  all  of  whom  had  some 
previous  experience  with  speech  recognition  systems.  Previously 
recorded  UH-1H  cockpit  noise  was  played  through  loudspeakers  at 
100  dBA.  The  recoqnizer  was  trained  in  quiet  and  tested  in  noise 
and  also  trained  in  noise  and  tested  in  quiet.  From  a  total  of 
3,200  inputs  by  the  eight  test  participants,  only  one  error 
occurred. 

Initial  AFTI/F16  flight  testing  conducted  with  commercial 
speech  recognizers  resulted  in  recognition  accuracy  rates  of 
82  percent  at  85  dB  and  13  percent  at  115  dB  (23).  The 
introduction  of  prototype  militarized  speech  recognition  devices 
desiqned  for  use  in  the  hostile  aircraft  environment  along  with 
subsequent  improvements  to  these  systems  produced  accuracy  rates 
of  85  to  90  percent  at  noise  levels  up  to  110  dBA  (21). 

These  research  efforts  indicate  that  a  known  steady-state 
noise  can  bo  accommodated  to  some  extent  by  training  techniques 
and  by  the  use  of  noise  cancellation  features.  Although  the 
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effects  of  intermittent  noise  such  as  rotor  blade  slapping  or 
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weapons  firing  have  not  yet  been  addressed,  the  progress  made  to 
date  with  steadv-state  noise  is  encouraging. 

It  would  be  beneficial  in  many  areas  if  the  LHX  interior 
noise  were  specified  to  be  at  or  below  85  dBA.  It  would  enhance 
speech  recognition  performance  and  at  the  same  time  reduce  pilot 
hearing  loss  and  fatigue. 


Stress  and  Mental  Loading 

Factors  such  as  emotional  and  physical  stress  affect  a 
person's  voice,  thus  affecting  speech  recognition  performance 
{2).  When  under  stress,  an  individual's  voice  may  change  In 
pitch.  Also,  syllables  may  be  slurred  together,  or  speech  sounds 
may  be  omitted  altogether.  If  a  speech  recognizer,  trained  by  an 
individual  who  is  not  under  stress,  is  later  used  by  the  same 
individual  in  a  stressful  environment,  speech  recognition 
performance  will  be  adversely  affected.  Host  of  the  research  in 
this  area  has  been  conducted  at  the  Naval  Post  Graduate  Post 
Graduate  School,  Monterey,  CA,  (2,  3,  4,  10,  16). 

One  of  these  research  efforts  investigated  stress  brought  on 
by  increasing  the  mental  load  of  the  operator  (3).  Test  subjects 
trained  and  used  a  speech  recognizer  while  not  experiencing 


mental  workload.  The  same  test  subjects  used  the  speech 
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recognizer  while  having  to  depress  response  buttons  that 
corresponded  to  symbols  that  were  randomly  displayed.  There  were 
23  percent  more  speech  recognition  errors  when  the  test  subjects 
were  experiencing  mental  loading  created  by  this  "response 
button"  task. 

The  Plight  Dynamics  Laboratory  at  '7ri;j  lt-Patterson  Air  Force 
Base,  OH,  attempted  to  elicit  emotional  voice  stress  responses 
from  test  subjects  in  a  setting  that  would  approximate  that  of  a 
fighter  aircraft  cockpit  (22).  Using  video  displays  in  a  wooden 
mock-up  of  an  F-15  cockpit,  test  subjects  (nonpilots)  simulated 
controlling  the  aircraft  and  attacking  targets  of  opportunity  by 
operating  a  Colecovision  system  with  the  Cosmic  Avenger  game 
cartridge  installed.  The  results  of  this  experiment  were  that 
even  with  the  small  three-word  vocabulary  that  was  used,  the 
speech  recognition  accuracy  was  as  low  as  50  percent  for  several 
test  subjects.  The  researchers  emphasize  that  this  . /as  a 
preliminary  experiment;  and,  therefore,  the  results  are  not 
conclusive.  However,  these  results  support  the  findings  of  other 
laboratory  research  and  indicate  the  need  for  additional  research 
in  flight-oriented  situations. 

In  a  more  recent  Naval  Post  Graduate  School  research  effort, 
it  was  found  that  recognition  errors  due  to  stress  could  be 
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reduced  or  eliminated  when  the  operator  trains  the  speech 
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recognizer  under  corresponding  stress  (16).  Based  on  these 
results,  the  researchers  suggest  that,  as  with  environmental 
factors  such  as  noise,  recognition  errors  due  to  psychological 
factors  such  3S  stress  and  fatigue  may  be  reduced  by  training  and 
using  the  speech  recognizer  under  the  same  stress  conditions. 

The  researchers  are  also  quick  to  point  out  that  attempts  to 
provide  samples  of  speech  under  various  levels  of  stress, 
frustration,  and  fatigue  are  often  impractical. 

Research  into  the  effects  of  stress  exposes  the  sensitivity 
of  current  speech  recognition  systems  to  changes  in  the 
operator's  voice  and  speech.  Because  it  is  difficult  to  produce 
highly  stressful  situations  in  research,  the  work  referenced  here 
has  been  accomplished  under  relatively  low  stress  levels.  One 
can't  help  but  wonder  what  the  effects  of  high  stress  levels  due 
to  life  threatening  situations  such  as  aircraft  or  battlefield 
emergencies  will  have  on  speech  recognition  accuracy. 

These  researchers  plan  to  continue  to  document  the  effects 
of  stress  on  speech  recognition.  As  they  do,  the  challenge  will  ^ 
become  one  of  finding  ways  to  reduce  these  effects.  This  will  be 
extremely  difficult.  Although  it  has  been  shown  that  training 
and  using  the  recognition  system  under  corresponding  stress 
conditions  improves  performance,  this  appears  to  be  impractical 
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if  not  impossible  for  aviation  applications.  It  would  mean  that 
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each  aviator  would  have  to  train  the  recoqnizer  with  the  entire 
vocabulary  under  many  levels  of  stress,  assuming  that  the  many 
levels  of  stress  could  be  anticipated  and  duplicated.  Another 
method  being  proposed  is  to  automatically  update  training  samples 
as  the  system  is  being  used  (14).  Each  speech  input  not  only 
operates  the  system  but  also  provides  the  system  with  an  updated 
sample  of  the  user's  current  speech  patterns.  This  technique  may 
be  useful  in  those  situations  where  the  voice  is  experiencing  a 
gradual  change  over  time.  For  example,  during  che  course  of  a 
day  as  the  voice  changes  as  a  result  of  fatigue  or  the  mouth 
becoming  dry.  This  technique  will  probably  not  be  effective  for 
sudden  changes  in  the  voice  due  to  unexpected  stressful  emergency 
situations. 

At  the  moment,  the  change  that  occurs  in  the  speech  signal 
due  to  psychological  and  physiological  factors  appears  to  be  one 
of  the  major  impediments  to  Lhe  successful  application  of  speech 
recognition  technology  in  the  LHX. 

Speaker  Variability 

In  the  previous  section,  we  discussed  the  changes  that  may 
occur  in  an  individual “3  speech  due  to  stress  or  fatigue. 
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Speaker  variability  refers  to  the  differences  in  the  speech 
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patterns  ng  individuals.  The  cultural  and  geographical 
background  of  individuals  affects  the  way  they  speak.  Different 
parts  of  the  country  produce  varying  accents  and  rates  of  speech. 
Also,  physical  attributes  such  as  vocal  tract  si2e  create 
differences  in  speech.  As  mentioned  previously,  these 
differences  among  individual  speakers  are  the  major  obstacle  to 
speaker-independent  recognition  systems  which  allow  anyone  to  use 
the  system  without  having  to  first  train  the  system.  However, 
variability  among  speakers  also  presents  difficulty  for 
speaker-dependent  recognition  systems.  For  reasons  that  are  not 
totally  or  clearly  understood,  speech  recognition  systems  perform 
better  with  some  individuals  than  they  do  with  others.  Results 
of  speech  recognition  research  are  usually  reported  in  terms  of 
average  accuracy  rates  or  average  error  rates.  Naturally,  there 
is  a  range  of  performance  that  falls  above  and  below  the  average 
performance.  For  example,  in  one  study  the  recognition  accuracy 
rate  was  reported  at  95  percent;  but  for  some  test  subjects 
(pilots),  recognition  accuracy  was  as  low  as  88  percent.  In 
another  study  using  pilots  as  test  subjects,  recognition  accuracy 
ranged  from  99  to  70  percent.  The  point  is  that  there  is  a  broad 
range  of  speech  recognition  performance  due  to  speaker 
variability.  For  speech  recognition  to  be  viable  for  the  LHX,  it 
must  be  usable  by  all  pilots,  not  just  some  pilots. 
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Protective  Masks 

t 

In  view  of  the  enemy  chemical  warfare  threat,  it  is  likely 
that  Army  aviators  may  have  to  wear  chemical  protective  masks  in 
flight.  The  US  Army  Human  Engineering  Laboratory,  Aberdeen 
Proving  Ground,  MD,  conducted  a  laboratory  experiment  to 
determine  the  impact  on  speech  recognition  when  speaking  through 
a  protective  mask  (13).  Twelve  Army  aviators  tested  the 
performance  of  a  speech  recognition  device  using  the  standard 
helmet-mounted  M87  microphone,  the  M24  aviator  protective  mask, 
and  the  XM33  developmental  protective  mask. 

The  M24  mask  is  the  standard  mask  currently  used  by  Army 
aviators.  The  microphone  is  mounted  inside  the  mask  directly  in 
front  of  the  mouth.  The  XM33  is  a  prototype  developmental  mask. 
The  microphone  i3  mounted  behind  the  diaphragm  out3ide  the  mask, 
and  the  voice  is  emitted  through  a  flapper  valve  to  the 
microphone . 

Recognition  accuracy  rates  were  92  percent  with  the  M24 
mask,  88  percent  with  the  helmet-mounted  microphone,  and  85 
percent  with  the  XM33  mask.  While  this  performance  is  not 
acceptable  for  an  operational  aircraft,  it  is  encouraging  that 
recognition  performance  when  speaking  throuqh  the  chemical 
protective  masks  was  no  worse  than  that  when  speaking  through  the 
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standard  helmet-mounted  microphone.  It  does  not  appear  that  the 


use  of  protective  masks  will  present  any  special  problems  for 
speech  recognition  in  the  cockpit.  As  a  matter  of  fact,  masks 
with  the  microphone  mounted  inside,  such  as  the  M24,  attenuate 
noise  and  may  even  enhance  performance  in  a  noisy  environment. 
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Speech  Generation  Issues 

Computer  generation  of  speech  is  not  as  difficult  tc  achiev* 
as  computer  recognition  of  speech.  Speech  generation  technology 
is  sufficiently  advanced  for  use  in  aircraft  today.  The  human 
factors  issues  of  speech  generation  technology  may  be  considered 
in  the  category  of  optimizing  its  performance  and  effectiveness 
in  the  cockpit  as  opposed  to  the  more  critical  issues  associated 
with  speech  recognition. 

As  mentioned  previously,  computerized  voiced  messages  can  b< 
generated  either  by  digitizing  messages  produced  by  a  human 
speaker  or  by  synthesizing  speech  electronically.  The  advantage 
of  digitized  human  speech  is  its  high  quality  and 
intelligibility.  The  disadvantage  of  this  technique  is  that  the 
storage  of  tl.e  digitized  messages  consumes  a  lot  of  computer 
memory  space.  This  is  especially  a  disadvantage  where  space  and 
weight  considerations  are  extremely  important.  Synthesized 


speech  does  not  require  large  amounts  of  computer  memory.  Each 
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entire  message  is  not  stored  in  memory.  The  approximately  40 
basic  sounds  that  make  up  the  Enqlish  lanquage  are  stored  in 
memory  and  are  formed  into  words  using  linguistic  principals  and 
rules.  Using  synthesized  speech,  it  is  easier  to  modifv 
messaqes.  Until  recently,  the  disadvantage  of  synthesized  speech 
has  been  its  poor  speech  quality  and  general  unintelligibility. 

A  speech  synthesis  system  has  recently  been  marketed  that 
provides  speech  quality  and  intelligibility  that  approaches  that 
of  digitized  human  speech.  The  advantages  of  synthesized  speech 
make  it  the  likely  candidate  for  the  LHX. 

Research  is  being  conducted  to  determine  whether  a  male, 
female,  or  "robotic"  type  voice  is  more  effective  in  providing 
cockpit  warning  messages  (5,  9,  15).  The  development  of  optimum 
messaqe  formats  is  also  under  study  (18).  These  efforts  will 
serve  as  the  basis  for  future  design  guidelines  for  cockpit  voice 
warnings. 


Information  Feedback 

Ideally,  voice  technology  will  be  used  interactively.  When 
the  pilot  uses  speech  recognition  to  command  an  operation, 
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select  a  function,  or  request  information,  some  type  of  feedback 
acknowledging  that  the  system  has  responded  must  be  provided. 
This  feedback  may  be  visual  information  appearing  on  a  video 
screen  or  auditory  information  presented  throuqh  the  headset  by 
speech  generation.  For  example,  the  pilot  may  request  the 
distance  to  the  next  waypoint.  The  distance  could  be  provided 
visually  on  a  display  or  aurally  through  the  headset.  If  the 
motive  for  employing  voice  technology  in  the  cockpit  is  to 
provide  the  Dilot  with  more  visual  free  time  for  "out-the-window 
tasks,  then  the  auditory  presentation  would  seem  preferable.  ' 

Researchers  at  the  US  Army  Aeromechanics  Laboratory, 
National  Aeronautics  and  Space  Administration  -  Ames  Research 
Center,  Moffett  Field,  CA,  addressed  this  issue  in  a  laboratory 
experiment  (20).  Nonpilot  test  subjects  were  tested  on  a 
computer  qraphic  simulation  of  flight  in  which  a  helicopter 
symbol  was  maneuvered  throuqh  a  maze  of  obstacles  displayed  on  a 
video  screen.  Information  on  airspeed,  altitude,  and  torque 
(power  setting)  was  necessary  for  optimum  performance  on  the 
task.  These  parameters  were  presented  with  either  conventional 
dial  gauges,  a  heads-up  display  located  on  the  video  screen 
around  the  maze,  or  a  speech  synthesis  system.  Analysis  of  the 
results  indicated  that  there  was  a  significant  difference  in  the. 
test  subjects’  ability  to  negotiate  the  flight  maze  depending 
upon  the  method  of  information  presented.  Performance  was  best 


when  usinq  speech  synthesis  followed  by  the  heads-up  displav. 
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The  worst  performance  was  experienced  when  using  the  dial 
gauges. 

These  results  tend  to  support  the  notion  that  auditory 
feedback  of  information  provides  more  visual  free  time  for  flying 
the  helicopter.  However,  certain  information,  such  as  complex  or 
lengthy  information  messages  or  messages  that  must  be  referred  to 
over  time,  may  be  better  suited  for  visual  presentation. 

It  is  important  that  information  feedback  be  tailored  and 
integrated  so  that  it  is  presented  to  the  pilot  in  the  form  that 
will  be  most  efF  ,-ctive  in  reducing  his  workload  and  enhancing  his 
performance.  This  may  require  some  combination  of  visual 
displays,  with  critical  information  preferably  presented  on  the 
same  display  through  which  the  pilot  is  observing  the  "outside 
world,"  and  a  speech  generation  system. 


SUMMARY  AND  CONCLUSIONS 

It  appears  that  there  is  potential  for  voice  technology  to 
reduce  workload  and  enhance  pilot  performance  in  future  Army 
helicopters,  thereby  increasing  combat  effectiveness  and 


minimizing  combat  losses.  At  the  present  time,  it  is  not  evident 
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that  voice  technology  can  fulfill  this  potential. 

The  implementation  of  speech  qenerai 'on  in  an  LHX  aircraft 
should  be  a  relatively  simple  task  when  compared  with  speech 
recognition.  Current  state-of-the-art  technology  is  capable  of 
providing  voice  messages  in  an  aircraft  environment.  There  are 
some  questions  concerning  computer  memory  available  to  meet  the 
requirements  of  digitized  speech  and  the  intelligibility  of 
synthesized  speech.  There  are  also  questions  regarding  whether  a 
male,  female,  or  computerized  voice  should  be  used.  However, 
these  questions  appear  to  be  solvable;  and  speech  generation 
systems  are  considered  to  be  feasible  and  practical  for  the  LHX. 

As  described  in  this  report,  speech  recognition  is  more 
difficult  to  achieve  than  speech  generation.  It  is  apparent  that 
some  critical  issues  need  to  be  resolved  for  speech  recognition 
to  be  a  viable  technology  for  the  LHX.  The  National  Research 
Council,  under  the  sponsorship  of  several  government  agencies, 
recently  completed  a  study  of  speech  recognition  in  severe 
environments  (8).  This  study  points  out  that: 

Current  speech  recognition  technology  is  fragile;  that 
is,  recognizer  performance,  wnich  can  often  be 
demonstrated  favorably  in  the  laboratory,  may  deorade 
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significantly  under  the  effects  of  acoustic  *.>ise,  user 
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stress,  and  operational  conditions.  Thus,  recognition 
depends  not  only  on  detailed  system  specifications  but 
on  a  myriad  of  subtle  factors  as  well.  I.i  the 
laboratory,  speaker-dependent,  isolated  word 
recognition  systems  often  can  recognize  up  to  100  words 
with  about  a  1-percent  error  rate,  but  the  performance 
of  operational  systems  often  falls  far  short  of  this. 
Extension  to  speaker  independence,  connected  words, 
difficult  vocabularies,  or  noisy/stressful  environments 
may  increase  error  rates  even  more. 

It  is  a  challenge  to  propose  that  a  speech  recognizer  be 
used  in  a  noisy  helicopter  by  a  large  number  of  speakers  with 
individual  differences  who  may  be  experiencing  various  levels  of 
stress  and  fatigue  and  achieve  99  percent  recognition  accuracy 
rates.  Current  state-of-the-art  speech  recognition  technology 
has  not  demonstrated  that  it  can  meet  the  riqorous  demands  of  the 
cockpit  environment  of  today's  helicopters. 

The  conclusions  of  the  National  Research  Council  were: 

1.  The  use  of  speech  for  communication  between  humans 
and  machines  (automatic  recognition  for  input, 
automatic  synthesis  for  output)  has  distinct 
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potential  for  aiding  humans  in  the  acquisition, 

r 

organization,  and  processing  of  information. 

2.  Current  technology  for  automatic  speech 

recognition —  including  algorithm  development, 
hardware  design,  and  human  factors  integration — is 
not  sufficiently  advanced  to  achieve  robust, 
reliable  performance  in  hostile  and  high-stress 
environments. 


3.  Current  technology  is  not  sufficiently  advanced  to 
achieve  high  performance  in  applications  where 
large  vocabularies  and/or  continuous  spoken  input 
are  needed,  and  where  the  ability  to  understand 
speech  from  a  wide  variety  of  speakers  is  required, 
even  in  benign  environments. 

4.  Current  technology  is,  however,  mature  enough  to 
support  restricted  labor-saving  applications  in 
benign  environments,  with  disciplined  use  under 
low-stress  conditions.  The  success  of  these  and  of 
future  applications  depends  on  the  integration  of 
speech  recognition  with  related  automation 
techniques.  With  the  exception  of  several 
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experimental  data  bases,  no  systematic, 
standardized  techniques  exist  for  evaluating  and 
comparing  the  performance  of  speech  recognizers. 

5.  No  established  human-fc ctors  methodologies  exist 
that  specifically  differentiate  the  benefits  of 
speech  input  from  related  automation  techniques. 

Neither  are  there  methods  that  reveal  the  optimum 
human-machine  architecture  for  integrated  voice 
systems  or  set  requisite  performance  levels  for 
speech  recognizers  embedded  in  prescribed 
operational  tasks. 

If  there  is  room  for  optimism,  it  is  the  fact  that  the  three 
military  services  and  the  National  Aeronautics  and  Space 
Administration  are  all  intent  in  pursuing  voice  technology  for 
airborne  applications.  The  response  of  those  vendors  who  are 
producing  speech  recognition  systems  for  "severe"  environments  is 
also  encouraging.  Through  these  efforts,  it  may  be  possible  that 
the  problems  currently  facing  speech  recognition  technology  can 
be  overcome.  Assuming  that  the  issues  can  be  resolved,  the 
question  remains,  "Can  tney  be  solved  in  the  LHX  acquisition  time 
frame?"  This  question  is  impossible  to  answer  because  one  cannot 
predict  "breakthroughs"  that  may  occur. 


r-VI-44 


Although  the  limited  use  of  speech  recognition  may  be  feasible  in 
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early  LHX  aircraft,  it  appears  that  the  extensive  use  of  speech 
recognition  for  time  or  task  critical  functions  must  be 
considered  a  high  technology  risk  for  full-scale  development  in 
1987. 

In  view  of  the  potential  utility  for  speech  recognition  to 
enhance  pilot  performance  and  facilitate  single-pilot  operations, 
it  is  important  that  efforts  continue  to  improve  speech 
recognition  performance  and  to  accelerate  its  development  so  that 
it  may  be  extensively  used  in  helicopter  cockpits  as  soon  as 
possible.  Highest  priorities  should  be  given  to  the  development 
of  speech  recognition  algorithms  that  are  not  affected  by  speech 
variations  due  to  stress  and  to  speaker  variability. 
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ISSUES  FOR  A  TRADE-OFF  ANALYSIS  OF  CONVENTIONAL  VS. 
ADVANCED  COCKPIT  CONTROLLERS  FOR  THE  LHX 


1 .  Introduction 

The  purpose  of  this  paper  is  to  present  some  key  issues  which  must  be 
resolved  in  a  selection  of  primary  cockpit  controllers  for  the  LHX  and  to 
provide  background  information  necessary  for  the  trade-off  analysis  required 
to  resolve  them.  Primary  controllers  are  those  "used  by  the  pilot  to 
continuously  modify  the  movement  of  the  aircraft"  (1).  For  the  purposes  of 
this  paper,  "conventional"  controllers  are  those  found  in  current 
helicopters,  that  is,  longitudinal  and  lateral  cyclic  stick,  collective 
stick,  and  directional  pedals.  "Advanced"  controllers  are  only  advanced  in 
the  sense  that  their  design  is  not  constrained  by  mechanical  control  system 
characteristics ;  it  is  assumed  throughout  this  paper  that  the  LHX  is  equipped 
with  a  fly-by-wire  or  fiberoptic  flight  control  system.  This  assumption 
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implies  that  the  pilot’s  primary  controllers  are  not  mechanically  connected 
to  the  rotor  control  actuators  or  other  control  devices  and,  as  a  result, 
gives  the  designer  a  significant  amount  of  freedom  to  tailor  the  controller 
characteristics  to  the  pilot. 

Much  of  the  background  information  presented  herein  is  based  upon 
investigations  of  the  effects  of  controller  characteristics  on  aircraft 
handling  qualities:  "those  qualities  or  characteristics  of  an  aircraft  that 
govern  the  ease  and  precision  with  which  a  pilot  is  able  to  perform  the  tasks 
required  in  support  of  an  aircraft  role"  (1).  Handling  qualities  are 
therefore  influenced  not  only  by  aircraft  stability  arid  control 
character! sties  but  also  by  factors  such  as  the  design  of  the  cockpit 
interface  -  the  controllers  and  displays  provided  for  the  required  tasks. 
All  of  these  handling  qualities  studies  have  assumed  a  two-crew  situation,  no 
duties  such  as  navigation,  communication,  and  battle  captain  functions,  which 
would  be  performed  by  the  pilot  of  a  single-crew  LHX,  were  assigned  to  the 
pilots.  Extrapolation  of  these  results  to  the  single-crew  situation  must 
therefore  be  based  upon  sound  engineering  and  piloting  judgment. 


The  controller  tradeoffs  addressed  in  this  paper  are:  1}  conventional  vs. 
side-stick  controllers,  2)  displacement  vs.  force  controllers,  and  3) 
separated  vs  integrated  controllers. 

2.  Conventional  vs.  Side-Stick  Controllers 
Cockpit  Design  Implications 

The  replacement  of  the  conventional  set  of  primary  controllers  by  a  single 
side-stick  controller  can  yield  significant  benefits.  An  increase  in 
available  cockpit  real  estate  provides  valuable  room  for  the  additional 
avionics  required  to  perform  the  LHX  SCAT  mission.  In  a  comparison  of 
conventional  cockpit  controllers  with  a  configuration  consisting  of  a 
two-axis  side-stick  and  smal 1 -displacement  collective  and  pedals.  Ref.  2 
reports  a  30%  weight  savings  with  the  side-stick  configuration.  This  same 
study  claims  significant  improvements  in  both  flight  safety  and  mission 
reliability  with  the  advanced  controllers. 

Certain  human  factors  and  man-machine  integration  benefits  can  also  be 
derived  from  a  cockpit  design  which  employs  a  side-stick  controller. 
Potential  benefits  include  improvements  in  :  1)  visibility,  due  to  the 
removal  of  the  pedals  and  cyclic  stick;  2)  ingress  and  egress,  especially  if 
the  side-stick  can  be  mounted  on  a  movable  armrest  as  in  Ref.  3;  3) 
crashworthiness,  due  to  the  removal  of  potentially  lethal  objects  from  the 
cockpit;  and  4)  pilot  comfort,  by  eliminating  the  need  for  the  traditional 
helicopter  pilot  slouch  over  the  controls  and  by  allowing  feet-on-the-floor 
flight.  However,  "any  benefits  gained  in  a  substantial  deviation  from  this 
(conventional)  arrangement  must  be  weighed  against  the  costs  of  retraining 
the  pilot's  spontaneous  control  command  patterns,  particularly  in  high 
workload  and  emergency  situations"  (4). 

Feasibility  Studies 

Simulator  and  flight  investigations  have  demonstrated  the  feasibility  of  the 
use  of  a  side-stick  controller  in  both  fixed-  and  rotary-wing  aircraft  ftr 
certain  tasks.  All  of  the  fixed-wing  studies  involved  side-sticks  with  two 
axes  of  control:  pitch  and  roll.  In  a  1957  NACA-sponsored  program,  a  Navy 
F9F  was  equipped  with  a  side-stick  controller  to  investigate  the  control 
implications  of  such  a  device  (5).  All  of  the  pilots  were  able  to  execute 
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precision  flying  tasks  with  no  performance  degradation.  Pilot  effort  was 
felt  to  be  reduced  because  of  the  lighter  control  forces  and  the  comfort 
provided  by  the  controller  armrest.  In  1970,  the  Air  Force  Test  Pilot  School 
flew  an  F-104  equipped  with  a  side-stick  controller  (6).  The  side-s.tick  was 
unanimously  preferred  to  the  conventional  center  stick  and  provided  superior 
trajectory  control  with  drastically  reduced  pilot  workload.  Over  60  pilots 
flew  with  the  side-stick  and  accumulated  870  hours  of  flight  time  with  no 
controller  failures.  A  direct  comparison  of  pilot  performance  with  a 
center-stick  and  a  side-stick  was  performed  at  Wright-Patterson  AFB  in  1970 
(7).  The  study  concluded  that  a  side-stick  was  feasible  for  use  in  high 
speed,  high  altitude  maneuvering  tasks,  resulted  in  improved  performance  for 
landings  and  other  precision  maneuvers,  but  yielded  degraded  performance  for 
large-amplitude  maneuvers  at  low  altitudes. 
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Feasibility  studies  of  the  use  of  side-stick  controllers  in  helicopters  began 
in  1968  with  the  Tactical  Aircraft  Guidance  System  (TAGS)  program  (8).  That 
system  was  implemented  in  a  CH-47B  aircraft  and  initially  included  a 
four-axis  displacement  controller;  because  of  anatomical  coupling  problems 
between  the  longitudinal  and  vertical  axes,  a  three-axis  controller  was 
eventually  implemented  with  vertical  control  effected  through  a  standard 
collective  lever.  Pilots  were  also  critical  of  the  longitudinal  control 
implementation;  the  large  displacement  (4.5  inches)  and  viscous  damping 
created  a  controller  which  felt  massive  and  heavy.  Both  the  lateral  axis  (a 
base-pivot  design)  and  the  directional  axis  (a  twist-grip)  were  considered 
acceptable.  The  use  of  multi-axis  controllers  was  rejected  for  the  Hea''y 
Lift  Helicopter  (HLH)  primary  flight  control  system  (9);  however,  a  four-axis 
finger-ball  displacement  controller  was  implemented  at  the  load-controlling 
crewman’s  station  in  that  vehicle  for  precision  cargo  handling  tasks 
requiring  a  high  level  of  stability  and  control  augmentation. 

In  a  three  degree-of-f reedom  moving-base  simulation  of  the  unaugmented  Lynx 
helicopter  at  RAE  Bedford,  a  two-axis  displacement  side-st.ick  was  compared 
with  the  conventional  cyclic  controller  for  11  different  flight  tasks  (10); 
when  a  suitable  control  sensitivity  was  selected,  the  side-stick  compared 
favorably  with  the  conventional  controller  and,  in  fact,  was  preferred  for 
certain  of  the  tasks  which  required  only  small  control  movements.  Manual 
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trimming  was  considered  to  be  difficult  becsuse  of  the  trim  button  location 
and  the  force  required  to  operate  it;  inadvertent  control  inputs  were  the 
result.  A  simple  armrest  drew  no  adverse  comments,  but  a  wrist  support  was 
recommended.  In  a  piloted  simulation  of  an  Advanced  Scout  Helicopter  (ASH), 
an  A-7/F-16  two-axis  side-stick  was  found  to  be  feasible  for  an  ASH  mission 
when  employed  with  suitable  levels  of  stability  and  control  augmentation  (2). 

A  feasibility  study  of  a  four-axis  isometric  (rigid)  side-stick  controller 
was  conducted  in  the  Canadian  National  Aeronautical  Establishment  Airborne 
Simulator,  a  variable  stability  Bell  Model  205A-1 ,  for  a  wide  range  of  flight 
tasks  (11).  Two  primary  side-stick  configurations,  a  four-axis  controller 
and  a  three-axis  controller  with  normal  pedal  control,  were  evaluated 
together  with  variations  in  the  level  of  stability  and  control  augmentation. 
A  conclusion  of  this  study  was:  "It  is  clear  from  these  experiments  that  a 
helicopter  can  be  flown  through  a  wide  range  of  visual  and  instrument  flight 
tasks  using  either  a  three-axis  or  four-axis  isometric  side-arm 
control ler-wi thout  requiring  exceptional  pilot  skill  or  concentration  and 
within  the  bounds  of  normal  helicopter  work  load  demands".  In  a  follow-on 
flight  investigation  (12),  a  comparison  of  conventional  controllers  with  the 
same  two  isometric  side-stick  configurations  was  conducted  by  flying  the  Air¬ 
borne  Simulator  with  augmented  pitch,  roll,  and  yaw  rate  damping  through  a 
low-altitude  course  involving  both  maneuvering  and  precision  flight.  For 
this  experiment,  "the  pilots  generally  considered  isometric  (side-stick) 
control  to  be  more  difficult  and  less  precise,  in  this  type  of  closely 
bounded  task,  than  conventional  control". 

Handling  Qualities  Studies 

Handling  qualities  studies-those  which  elicit  both  Cooper-Harper  pilot 
ratings  (1)  and  pilot  commentary-which  compare  conventional  controllers  with 
side-stick  controllers  are  rare.  The  Ref.  11  flight  investigation  revealed 
that,  with  appropriate  gains,  shaping  and  prefiltering  applied  to  the  pilot's 
force  input  in  each  controlled  axis,  pilot  ratings  comparable  to  those 
obtained  with  conventional  controls  were  achieved  by  both  primary  side-stick 
configurations  (12).  In  two  moving-base  simulations  of  helicopter  visual 
terrain  flight  (13),  it  was  determined  that  the  employment  of  a  properly- 
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designed  two-axis  displacement  side-stick  controller  could,  in  fact,  improve 
handling  qualities  over  those  provided  by  conventional  controllers  but  that 
increased  levels  of  stability  augmentation  were  required  to  achieve 
comparable  pilot  ratings  if  a  three-  or  four-axis  isometric  controller  was 
employed. 

Summary 

The  use  of  a  single  side-stick  controller  to  replace  the  conventional  set  of 
helicopter  controllers  offers  significant  advantages  to  the  cockpit  designer 
and  has  the  potential  for  enhancing  pilot  safety  and  comfort.  However,  based 
upon  the  results  of  the  feasibility  and  handling  qualities  studies  cited  in 
this  section,  a  single,  multi-axis  side-stick  controller  has  "ever  been 
demonstrated  to  improve  handling  qualities  for  any  helicopter  flight  task:; 
in  fact,  there  is  a  strong  indication  that  increased  levels  of  stability  and 
control  augmentation  are  required  to  achieve  even  comparable  handling 
qualities  for  visual  terrain  flight  tasks  similar  to  those  required  of  the 
LHX  SCAT.  Only  a  properly-designed  two-axis  side-stick  has  been  shown  to 
offer  the  potential  for  improved  handling  qualities  compared  to  a 
conventional  cyclic  stick;  it  is  very  possible,  however,  that  improved 
conventional  cyclic  stick  force  characteristics  would  negate,  or  reduce  the 
significance  of,  this  advantage. 

3.  Displacement  vs.  Force  Controllers 
Input  Bandwidth 

With  a  conventional  set  of  controllers,  the  position  of  each  controller  with 
respect  to  some  reference  point  is  the  pilot's  input  to  the  control  system. 
To  produce  the  desired  control  input  the  pilot  must  apply  the  control  forces 
required  to  accelerate  the  controller  to  some  velocity  and  then  to  decelerate 
it  to  zero  velocity  at  the  required  position.  The  use  of  a  force  controller 
brings  the  pilot  two  integrations  closer  to  the  control  of  the  flight  path  of 
the  aircraft  since  the  applied  force  is  itself  the  input  quantity.  As  a 
result,  the  inputs  seen  by  the  control  system  could  have  a  much  higher 
frequency  content,  or  bandwidth,  than  when  displacement  controllers  are 
employed.  This  characteristic  provides  the  potential  for  a  more  precise 
control  of  the  flight  path  but  also  makes  the  control  system,  and  hence 


5 


R-VII-9 


aircraft  response,  more  sensitive  to  sharp  pilot  inputs,  inertial  forces  such 
as  these  experienced  in  high-g  maneuvers,  and  aircraft  vibrations  fed  through 
the  controller  grip.  It  was  for  these  reasons  that  the  original 

force-sensing  stick  of  the  F/A-18  was  replaced  by  a  displacement  controller 
during  full-scale  development  testing  (14).  In  that  program,  forward  path 
prefilters  were  employed  in  the  digital  flight  control  system  to  smooth  the 
pilot's  inputs  from  the  force  stick  but  also  resulted  in  degraded 

controllability.  Extra  weight  was  required  to  mass-balance  the  stick  against 
the  forces  caused  by  catapult  launch.  Notch  filters  in  the  flight  control 
software  were  required  to  prevent  structural  interaction  through  the  inertia 
of  the  grip  and  pilot's  arm  at  structural  resonance  frequencies;  these 
filters  also  caused  additional  time  delays  which  further  degraded  handling 
qualities  and  caused  pilot-induced  oscillations. 

Advantages  and  Disadvantages 

1  he  advantages  of  a  force  controller  lie  in  its  inherent  simplicity, 
reliability,  and  low  parts  count  (3).  In  addition,  no  force  feel  system  is 
required  to  provide  the  control  force  characteristics  dictated  by  handling 
qualities  requirements.  However,  the  lack  of  explicit  control  position 
information  from  a  force  controller  can  be  a  significant  disadvantage. 
Although  the  human  pilot  is  not  a  particularly  accurate  sensor  of  controller 
displacement,  the  lack  of  any  displacement  cues  can  degrade  the  ability  to 
make  smooth  and  precise  control  inputs.  An  operational  problem  caused  by 
this  lack  of  control  position  information  was  highlighted  in  the  Refs.  11  and 
12  flight  experiments.  The  analogies  between  conventional  cyclic  stick 
position  and  main  rotor  tip-path  plane  orientation  and  between  pedal 
displacement  and  yaw  control  authority  remaining,  both  so  important  in 

certain  flight  regimes,  were  eliminated  because  of  the  use  of  the  force 

controller;  the  former  relationship  is  particularly  important  for  slope 

takeoffs  while  the  latter  provides  important  information  .-.hen  operating  with 
large  yaw  rates  or  in  the  presence  of  large  sideslip  angles.  A  visual 

presentation  of  this  information  was  provided  on  the  instrument  panel  to 
compensate  for  the  loss  of  control  position  cues.  Problems  due  to  the  lack 
of  absolute  collective  pitch  angle  information  were  revealed  in  simulations 
conducted  to  support  the  JVX  development.  During  takeoffs,  autorotations,  or 
maneuvers  at  high  oower,  conventional  collective  stick  position,  as  an  analog 
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for  collective  pitch  angle,  provides  important  information  to  the  pilot;  as  a 
result,  the  original  force  controller  used  for  vertical  control  inputs  was 
replaced  by  a  small  displacement  controller. 

• 

Because  of  the  lack  of  motion  of  a  pure  force  controller,  both  trimning  and, 
in  a  two-pilot  situation,  control  transfer  become  more  difficult  to 
implement.  With  a  sophisticated  flight  control  system  the  need  for  manual 
trim  inputs  may  be  eliminated  by  incorporating  automatic  trim  logic  in  the 
control  laws.  Similar  logic  may  be  incorporated  to  assist  in  control 
transfer  to  minimize  aircraft  transient  response.  However,  in  situations 
with  a  degraded  flight  control  system,  trimming  and  control  transfer  may  have 
to  be  performed  unaided.  Low-force  trim  switches  are  required  to  eliminate 
the  possibility  of  inadvertent  control  inputs  while  trimming;  in  addition, 
the  rate  of  removal  of  steady  trim  forces  must  be  carefully  selected  to 
minimize  any  transients. 

In  a  related  area  of  concern,  any  secondary  control  functions  or  selectors 
mounted  on  the  grip  of  a  force  controller  must  be  implemented  so  as  to 
minimize  any  hand  motion  or  application  of  force  which  might  cause 
inadvertent  primary  control  inputs.  Low-force  switches  or  buttons  are  a 
requirement  with  a  force  controller. 

Results  of  Force/Deflection  Studies 

Results  of  both  fixed-  and  rotary-wing  handling  qualities  research  to 
investigate  the  relative  benefits  of  force  and  displacement  side-stick 
controllers  indicate  significant  advantages  for  limited-displacement 
controllers.  In  several  fixed-wing  flight  investigations  typified  by 
Reference  15,  an  "optimum"  region  for  force-deflection  relationships  was 
defined  for  two-axis  side-stick  controllers.  Typically,  isometric  force 
controllers  yielded  performance  which  was  very  sensitive  to  the  control 
sensitivity  (aircraft  response  per  unit  of  applied  force)  provided;  adequate 
performance  was  only  possible  r  r  a  very  restricted  range  of  control 
sensitivities.  As  the  amount  of  controller  compliance  increased,  the  region 
of  acceptable  control  sensitivities  also  increased  to  some  maximum  value. 


7 


R-VlI-iy 


With  further  increases  in  controller  deflection-per-unit-applied-force,, 
degraded  handling  qualities  occurred  with  comments  about  excessive  stick 
motion  requirements  and  overshoots  in  aircraft  response.  The  results  of 
these  flight  experiments  were  incorporated  in  a  design  guide  for  tv/o-axis 
side-stick  controllers  used  in  fighter  aircraft  (16).  Aircraft  design 
experience  also  substantiates  the  limited-displacement  requirement.  The 
original  side-stick  design  for  the  F-16  prototype  incorporated  a  virtually 
zero  displacement  force  controller  (+0.030  in  at  the  grip);  subsequent 
refinement  for  the  production  F-16  showed  that  a  +0.2  in  displacement  was 
desired  for  longitudinal  control  and  a  +0.10  in  displacement  was  desired  for 
lateral  control. 

A  total  of  seven  different  four-axis  side-stick  controllers,  exhibiting  a 
wide  range  of  force-deflection  characteristics,  was  evaluated  for  use  in 
helicopter  terrain  flight  during  the  AD0CS  Advanced  Cockpit  Control s/Advanced 
Flight  Control  System  (ACC/AFCS)  simulator  investigations  (17-15).  It  was 
found  that,  as  in  the  fixed-wing  investigations,  the  introduction  of  a 
limited  amount  of  deflection  in  the  pitch  and  roll  axes  yielded  improved  task 
performance  and  handling  qualities.  Too  much  deflection  resulted  in  comments 
on  sluggish  control  response  and  less  precise  attitude  control.  Harmony 
among  the  four  control  axes  was  also  an  important  consideration;  a  controller 
with  two  limited-deflection  control  axes  (pitch  and  roll)  and  two  rigid 
control  axes  (vertical  and  directional)  was  judged  to  be  only  marginally 
acceptaole.  All  pilots  felt  that  deflection  in  all  control  axes  improved  the 
ability  to  modulate  single-axis  forces,  produced  less  tendency  for 
overcontrol  and  anatomical  coupling,  and  enhanced  control  precision  for 
high-gain  piloting  tasks  such  as  precision  hover. 

To  compensate  for  the  potential  of  an  increased  control  input  bandwidth  with 
a  force-sensing  controller,  both  the  AD0CS  and  Canadian  (20)  side-stick 
implementations  included  some  pre-processing  of  the  control  force  input 
before  it  was  used  to  drive  the  control  systems.  A  non-linear  shaping 
function,  consisting  of  a  dead  zone  (or  breakout)  and  quadratic  (Canadian)  or 
piecewise-1 inear  (AD0C5)  control  sensitivity  function,  was  employed  to 
provide  acceptable  levels  of  control  sensitivity  about  zero  focce  with 
minimum  coupling  of  control  inputs  while  permitting  large,  short  duration 
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inputs  to  be  made  without  excessive  control  force.  In  addition*  to  guard 
against  the  response  of  the  aircraft  to  sharp  pilot  inputs  such  as  the  rapid 
release  of  large  control  forces,  both  systems  incorporated  techniques  to 
smooth  the  control  input.  The  Canadian  system  employed  a  16  rad/sec  first 
order  filter  in  each  control  axis  while  the  ADOCS  control  laws  included  a 
"derivative  rate  limiter"  designed  to  limit  peak  accelerations  for  large 
control  inputs  without  affecting  control  precision  for  small  force  inputs. 


of  the  advantages  and  disadvantages  of  a  force-sensing  controller 


Summary 
A  summary 
is  presented  below: 

ADVANTAGES 

High  control  input  bandwidth 

Sirnpl icity 

Rel iabil ity 

Low  parts  count 

No  force  feel  system  required 


DISADVANTAGES 

Susceptible  to  sharo  pilot  inputs, 
inertial  forces,  vibratory  inputs 
Lack  of  control  position  information 
Manual  trimming  and  control  transfer 
more  difficul L 

Low-force  buttons  and  switches  required 
to  prevent  inadvertent  inputs 


Small-displacement  force  controllers  have  been  shown  to  provide  significant 
handling  qualities  advantages  over  rigid  controllers.  However,  the  control 
system  software  employed  with  this  type  of  controller  must  include  means  to 
compensate  for  sharp  pilot  inputs  and  vibratory  forces  and  to  provide  the 
capability  for  tramming,  both  automatic  and  manual,  and,  in  the  two-crew 
situation,  control  transfer.  Low-force  buttons  and  switches  are  required  for 
any  grip-mounted  secondary  controllers  or  selectors.  The  lack  of  explicit 
control  position  information  may  very  well  be  a  problem  under  operational 
conditions  such  as  slope  takeoffs  or  flight  with  large  sideslip  angles  and 
emergency  conditions  such  as  engine  and  flight  control  system  failures. 

4.  Separated  vs.  Integrated  Controllers 

For  the  purposes  of  this  discussion,  fully  "integrated"  controllers  are  those 
which  combine  all  primary  control  functions  on  a  single  device.  "Separated" 
controllers  are  produced  when  one  or  more  of  these  functions  is  removed  from 
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the  integrated  controller.  Levels  of  integration  evaluated  in  both  the  ADOCS 
and  Canadian  investigations  range  from  a  fully-integrated  four-axis  device  to 
a  separated  controller  configuration  consisting  of  a  two-axis  side-stick  and 
conventional  collective  and  pedals.  Two  primary  issues  are  discussed  in  this 
section:  1)  human  factors  requirements  for  controller  integration  and  2) 
handling  qualities  effects  of  the  level  of  integration. 

Human  Factors  Requ:rements 

Tnree  “human  factors11  requirements  related  directly  to  the  integration  of 
multiple  control  axes  on  a  single  controller  are  discussed:  the  selection  of 
an  apnropriate  controlled  axis  reference  system,  grip  design  requirements, 
and  compensation  for  human  pilot  characteristics  in  both  hardware  and 
software. 

A  number  or  two-  and  three-axis  hand  controllers  have  been  investigated  for 
fighters,  spacecraft,  and  helicopters.  These  controllers  have  used  a  variety 
of  reference  systems  for  the  control  inputs.  The  roll  control  axis  has  been 
parallel  to  the  forearm  and  beneath  the  hand  in  almost  every  controller 
tested  With  this  roll  axis,  the  most  intuitively  correct  pitch  control  axis 
is  horizontal,  perpendicular  to,  and  intersecting,  the  roll  axis.  This  axis 
system,  used  for  the  conventional  center  stick  and  the  F-16  side-stick, 
requires  some  forearm  motion  for  pitch  inputs  to  a  displacement  controller,  a 
possible  disadvantage  in  a  high-g  or  vibratory  environment.  As  a  result, 
other  pitch  pivots  which  allow  operation  without  arm  movement,  such  as  wrist- 
or  palm-pivots,  have  been  investigated.  Both  the  ADOCS  and  Canadian  research 
programs  employed  a  more  classic  base-pivot  set  for  pitch  and  roll  to 
minimize  the  risk  inherent  in  a  transition  to  a  side-stick  controller.  The 
yaw  axis  of  control  in  a  hand  controller  has  been  implemented  in  several 
ways;  the  most  prevalent  has  been  the  grip  twist  about  the  vertical  axis  of 
vhe  hand  grip  itself.  Alternatives,  such  as  a  thumb  lever  to  avoid  the  input 
cross- coupl ing  problems  inherent  in  the  grip  twist  approach,  result  in  hand 
fit  problems  and  pilot  fatigue  To  maintain  control  input-aircraft  response 
compatibility,  vertical  control  was  effected  through  the  application  of  pure 
up  and  down  forces  in  both  the  ADCCS  and  Canadian  programs;  a  configuration 
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evaluated  by  the  Canadians  using  grip  twist  as  the  vertical  input  was 

confusing  and  unacceptable. 

Much  more  stringent  requirements  for  grip  design  exist  for  integrated 
controllers  than  for  separated,  conventional  controllers.  The  grip  must  be 
shaped  so  as  to  assist  the  pilot  in  identifying  the  controlled  axes  by 

providing  a  constant  hand  position  with  respect  to  the  grip.  It  must  be 

designed  to  allow  the  pilot  to  make  clean  control  inputs  into  each  axis  with 

a  minimum  of  inadvertent  inputs  into  other  axes.  The  original  hand  grip, 
supplied  with  the  isometric  controller  evaluated  by  the  Canadians,  was  found 
to  cause  vertical -to-pi tch  and  roll-to-yaw  input  cross-coupling;  a  redesigned 
grip  was  found  to  be  more  acceptable  (12).  This  new  griD  formed  the  basis 
for  the  design  of  the  integrated  controller  grip  being  implemented  in  the 
ADOCS  demonstrator  helicopter. 

Other  design  factors,  while  important  for  separated  controllers,  become 
critical  for  integrated  controllers.  The  controller  location,  orientation, 
and  armrest/wrist  support  design  are  crucial  factors  in  determining  the 
pilot's  ability  to  make  smooth,  uncoupled  control  inputs  with  a  minimum  of 
effort  and  maximum  comfort.  The  AdOCS  program  has  supplied  a  significant 
number  of  lessons  learned  in  this  regard.  Finally,  to  compensate  for 
relative  arm/armrest/  controller  geometry  effects,  it  may  be  necessary  to 
provide  asynanetric  control  sensitivities  in  certain  control  axes.  For 
example,  the  Canadian  program  revealed  that  it  was  significantly  easier  for 
the  pilot  to  produce  an  upward  vertical  force  than  a  downward  force  using  the 
four-axis  controller  configuration;  a  larger  value  of  control  sensitivity  in 
the  downward  direction  was  provided  as  a  result.  Additionally  the  ADOCS 
program  provided  a  higher  coi  trol  sensitivity  in  the  yaw  axis  for  a  clockwise 
directional  input  than  for  a  counter-clockwise  torque  to  compensate  for  a 
similar  human  asymmetry . 


Handl i ng  Qua  1 U i es  Effects  of  Controller  Integration 

A  significant  handling  qualities  data  base  has  been  created  to  substantiate 
an  interactive  effect  which  must  be  assessed  during  the  LHX  trade-off 
analysis:  the  interaction  between  controller  integration  and  level  of 
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stability  and  control  augmentation.  In  general,  fcr  a  given  piloting  task, 
increasing  levels  of  controller  integration  must  be  accompanied  by  increasing 
levels  of  stability  and  control  augmentation  to  ensure  that  performance  and 
handling  qualities  do  not  degrade.  In  the  ADOCS  ACC/AFCS  simulations,  it.  was 
found  that  controller  configurations  which  included  a  separated  vertical 
controller  -  with  either  a  three-  or  two-axis  side-stick  -  exhibited  handling 
qualities  which  were  generally  improved  compared  to  the  integrated  four-axis 
ccnt"oller  configurations  for  the  lower  levels  of  stability  and  control 
augmentation  investigated.  Separation  of  the  vertica1  controller  eliminated 
any  inadvertent  coupling  of  control  inputs  from  the  vertical  to  the  pitch  or 
roll  axes  and  reduced  pilot  workload  for  multi-axis  tasks  sucn  as  NOE 
maneuvering.  For  the  higher  levels  of  stability  and  control  augmentation 
investigated,  handling  qualities  were  less  affected  by  the  level  of 
controller  integration;  there  wa*'  a  general  preference  for  sivie-stick  rather 
than  pedal  control  of  the  yaw  axis,  despite  a  tendency  to  couple  yaw  inputs 
into  the  roll  axis,  because  of  the  precise  directional  control  which  could  be 
achieved  with  a  hand  controller. 

In  a  four  flight-hour  "validation"  of  the  ADOCS  simulation  results  for  the 
lower  levels  of  stability  ar.d  control  augmentation  conducted  in  the  Canadian 
Airborne  Simulator,  doeing  Vertcl  pilots  found  that  many  of  the  simulation 
results  were  substantiated  by  the  flight  evaluation.  Pilot  comments  indicate 
that  the  integrated  four-axis  side-stick  created  high  workload  and  degraded 
flight  path  performance  especially  during  the  multi-axis  maneuvering  tasks. 
The  thr^e-axls  controller  which  incorporated  pitch,  roll,  and  yaw  control  on 
the  side-stick  was  the  preferred  controller  configuration  because  of  the 
decoupling  of  vertical  control  inputs  and  improved  directional  control.  With 
all  stability  and  control  augmentation  removed,  a  fully  separated  controller 
configuration  was  required  to  perform  a  decelerating  approach  tc  hover  and 
landing;  the  four-axis  configuration  resulted  in  an  uncontrollable  aircraft 
for  this  task.  Pilots  indicated  that  they  would  have  preferred  conventional 
displacement  controllers  for  landing  the  aircraft  in  this  condition. 

From  the  handling  qualities  investigations  conducted  in  flight  by  the 
Canadians,  it  Is  apparent  that  integrated  controllers  are  certainly  feasible 
arid  do  not  degrade  aircraft  handling  qualities  when  compared  to  conventional 
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controllers  for  nort-precision  tasks  such  as  cruise  flight  and  maneuvering  at 
altitude.  However,  for  precision  flight  tasks  and  high  workload  situations 
such  as  encountered  in  NOE  flight,  the  ADOCS  simulation  studies  and  limited 
flight  validation  results  indicate  that,  unless  high  levels  of  stability  and 
control  augmentation  are  employed,  integrated  controllers  can  cause 
significantly  degraded  handling  qualities  compared  to  separated  controller 
configurations. 


A  single,  integrated  controller  may  be  a  requirement  for  a  single-crew  LHX 
SCAT  in  order  to  allow  the  pilot  to  perform  the  other  supervisory  and  control 
functions  required  during  the  mission.  Accordingly,  an  experiment  was 
conducted  to  investigate  the  use  of  multi-axis  side-stick  controllers  for 
flight  path  control  together  with  a  keyboard  entry  task  using  the  free  hand 
(21).  The  results  show  that  keyboard  entry  tasks  interfere  with  the 
performance  of  flightpath  tracking  and,  conversely,  that  flightpath  tracking 
interferes  with  keyboard  entry.  If  a  degradation  in  performance  occurs,  the 
use  of  a  multi-axis  controller  to  free  a  hand  for  mission  management  tasks 
may  not  be  appropriate. 

S  umma  ry 

Flight  and  simulation  studies  have  shown  the  feasibility  of  using 
properly-designed  limited-displacement,  integrated  controllers  for  certain 
relatively  routine  flight  tasks  in  two-crew  rotorcraft  with  nominal  levels  of 
stability  and  control  augmentation.  However,  for  the  more  demanding  flight 
tasks  typical  of  the  LHX  SCAT  mission,  unless  high  levels  of  stability  and 
control  augmentation  with  a  high  degree  of  reliability  are  i ncorpora ted , 
separated  controller  configurations  are  required  for  acceptable  handling 
qual i ties . 

5.  Concluding  Remarks 

This  paper  ha s  highlighted  several  significant  advantages  of  employing  a 
limited-displacement,  integr'ted  side-stick  controller  in  certain  areas, 
including  human  factors  and  man-machine  integration  issues  cuch  as  improved 
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visibility,  ingress/egress,  crashworthiness  and  pilot  comfort.  However,  in 
order  to  provide  acceptable  LHX  handling  qualities  with  an  integrated 
controller,  high  levels  of  stability  and  control  augmentation  with  a  high 
degree  of  reliability  art  required;  flight  control  or  propulsion  system 
failures  may  cause  this  acceptable  aircraft  to  become  uncortrol lab! e. 

Design  criteria  which  include  pilot-oriented  requirements  are  crucial  in  the 
development  of  an  acceptable  integrated  controller  configuration.  Details 
such  as  controller  location  and  orientation,  armrest  and  wrist  support 
design,  and  grip  design  including  buttons  and  switches,  important  for 
conventional  controllers,  are  critical  for  integrated,  limited-displacement, 
force-sensing  controllers.  An  equally  important  set  of  design  criteria 
involves  the  flight  control  system  software  employed  with  the  controller;  the 
characteristics  of  the  control  input  pre-processing  and  the  type  of  stability 
and  control  augmentation  system  have  a  dominant  effect  on  the  suitability  of 
a  oarticular  controller.  As  with  many  other  aspects  of  LHX  cockpit  design 
trade-offs,  an  effective  analysis  of  controller  issues  must  be  based  upon  an 
integrated  application  of  principles  and  guidelines  employed  by  several 
communities  including  pilots,  avionics  engineers,  engineering  psychologists, 
control  engineers,  and  human  factors  specialists. 
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Annex  VIII  to  Appendix  R 
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R-VIII-1.  The  report,  "Biomedical  Analysis  of  Visual  Display  and 
Cockpit  Design  Options  for  the  Light  Helicopter  Family  (LHX)"  is 
reproduced  on  the  following  pages.  The  report  was  the  result  of 
research  and  investigation  conducted  by  the  Sensory  Research 
Division  of  the  0.  S.  Army  Aeromedical  Research  Laboratory  of 
Port  Rucker,  Alabama. 
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INTRODUCTION 


As  part  of  the  concept  development  phase  for  the  Light 
Helicopter  Family  (LHX),  the  Directorate  of  Combat  Developments 
(DCu),  US  Army  Aviation  Center,  Fort  Rucker,  Alabima,  requested 
that  the  US  Army  Aercmedical  Research  Laboratory  ( USAARL ) 
provide  input  for  the  LHX  Trade-Off  Analysis  (TOA).  This  input 
was  co  be  based  solely  upon  LHX  design  options  as  presented  in 
the  LHX  Trade-Off  Determination  ( TO D 1 .  DCD  requested  that  only 
nn  i]  itar./.ve  summaries,  renc  ’  us  ions  ,  an  1  recommended  ons  be 
provided  rather  than  a  full  quantitative  research  assessment. 

The  following  qualitative  analyres  present  potential  health 
hazard  and  visual  physiology  issues  and  operator  workload  issues 
with  respect  to  the  LHX  cockpit  design  and  visual  display 
options  as  given  in  tne  TOD.  Technical  references  and 
discussions  have  been  kept  to  a  minimum  in  order  to  make  the 
issues  clearer  for  a  nontechnical  audience. 

This  report  Is  organized  into  four  major  sections.  The 
first  section  presents  c  summary  of  the  qualitative  analyses  of 
health  hazards  and. visual  physiology  issues  with  respect  to 
visual  displays  roc  the  LHX.  The  second  section  presents  a 
summary  of  the  qualitative  analyses  of  operator  wot  :load  within 
the  LHX,  specifically  with  respect  to  whether  the  LHX  should  be 
designed  with  a  one-  or  two-persor,  cockpit.  The  third  section 
presents  conclusions  and  recommendations  with  respect  to  the  LHX 
workload  analyses.  The  final  section  presents  the  implications 
for  research  and  outlines  where  quantitativ.  research  assessment 
may  have  to  be  conducted  to  resolve  some  LHX  design  issues, 
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HEALTH  HAZARD  AND  VISUAL 
PhYSICLOGY  ASSESSMENT 


Potential  health  hazards  and  perforv.ar.ee  decrements  were 
assessed  with  respect  to  the  panoramic  display  concept,  visual 
display  hardware  options,  and  the  Advauced  Aircrew  Integrated 
Helmet  System.  These  analyses  were  based  upon  known  and/or 
recurring  health  hazard  issues  in  Array  aviation,  applicable 
USAARL  laboratory  reports,  and  a  brief  review  of  the  literature 
pertaining  to  visu-'l  physiology.  A  standard  health  hazard 
assessment  analysis  and  report  as  outlined  in  AR  40-10  vac 
considered  to  be  inappropriate  due  to  the  request  lor  a 
nontechnical  qualitative  assessment,  lack  of  actual  testing  of 
equipment,  lack  of  specific  design  parameters,  and  the 
conceptual  nature  of  the  trade-off  analysis.  Known  or 
anticipated  health  hazards  and  visual  performance  decrements  are 
summarized  here  by  listing  /avorable  and  unfavorable  aspects  of 
the  various  design  options.  Brief  discussions  or  reference 
citations  are  included  where  needed. 


Panoramic  Dlspl  /  Concept  (Virtual  Cockpit) 

The  panoramic  display  was  described  as  a  single  display 
having  a  wide  field  of  view  (100  degrees  horizontal  by  60 
degrees  vertical)  upon  which  all  visual  display  information  will 
be  presents  continually  in  addition  to  an  unaided  vie"  of  the 
outside  scene.  The  favorable  atpects  of  this  concept  are  that 
fatigue  from  eye  movement  and  eye  refocusing  may  be  reduced  as 


searching  for  specific  instruments  and  across  variable  vicual 
formats  will  be  minimized. 

The  intent  of  the  panoramic  display  is  to  allow  the  pilot 
to  maintain  visual  contact  of  the  battlefield  while  still 
interacting  with  aircraft  system  displays.  This  avoids  the 
requirement  for  the  pilot  to  look  'inside'  the  cockpit  for 
information,  therefore  briefly  losing  sight  of  the  battlefield. 
However,  superimposing  the  visual  display  information  upon  an 
outside  scene  will  cause  conflicts  in  visual  attention.  It  has 
been  demonstrated  experimentally  that  in  similar  situations 
visual  attention  can  focus  either  upon  the  display  information 
or  the  outside  view,  but  not  both  simultaneously  (Haber  and 
Hcrshenson,  1973;  Kaufman,  1974).  Should  the  pilot  be 
concentrating  on  the  outside  view,  significant  changes  in  the 
visual  display  may  be  missed,  and  vice  ver^a.  This  problem  has 
been  observed  by  USAARL  investigators  during  training  with  the 
Integrated  Helmet  and  Display  Sighting  System  (IHADSS)  in  the 
AH-64  surrogate  trainer  at  Ft.  Rucker.  The  pilots  had 
difficulty  maintaining  visual  attention  on  the  display  as 
indicated  by  either  closing  the  left  eye  or  attempting  to  block 
out  the  background  view  in  the  IHADSS  display.  Air  Force  visual 
performance  investigators  have  indicated  that  a 
display/fcackground  attentional  problem  occurs  In  the  A-7  and 
ether  aircraft  equipped  with  a  head-up  display,  particularly 
under  conditions  requiring  extensive  use  of  the  displayed 
information.  However,  there  have  been  no  formal  attempts  at 
outlining  the  parameters  or  investigating  the  seriousness  of 
this  display/background  attentional  problem  using  advanced 
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symbologies  and  panoramic  display  advanced  technologies. 
(Reducing  pilot  workload  through  the  use  of  a  panoramic  display 
will  be  discussed  in  the  second  section.) 

Mission  Equipment  Package  (MEP) 

Visual  Display  Hardware  Options 

A.  Panel  mounted  displays:  These  types  of  displays  were 
outlined  in  the  MEP  as  multifunction  display  units  that  would  be 
placed  in  a  manner  that  would  not  obstruct  the  outside  view. 
Cathode  ray  tubes  (CRTs)  currently  constitute  the  primary 
technology  available  for  panel  mounted  displays.  The  favorable 
aspects  of  CRTs  include  the  capability  for  multicolor  symbology, 
high  resolution,  high  contrast,  and  flexibility  in  adapting  to 
pilot  display  needs.  Radiation  should  not  be  a  health  hazard. 
Numerous  studies  and  reports  have  indicated  that  properly 
constructed  CRTs  are  well  below  accepted  safety  standards  for 
emission  of  both  ionizing  and  nonionizing  radiation  at  normal 
viewing  distances  (National  Research  Council,  1983;  Wolbarsht, 
«t  al .  ,  1980) . 

The  unfavorable  aspects  of  CRTs  are: 

1.  CRTs  may  not  be  easily  integrated  with  dynamic 
flight /weapon  controls  (i.e.,  visual  coupling).  Although  head 
position  sensing  systems  could  probably  be  integrated  with  CRT 
technology,  normal  CRT  viewing  distance  would  introduce  eye 
movements  as  a  significant  factor  in  determining  where  the  pilot 
was  looking  at  any  given  time.  This  could  require  eye  position 
sensing  for  accurate  visual  coupling  with  CRT  panel  mounted 
displays . 
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2.  A  minimum  of  7  inches  diagonal  measurement  is  the 
normally  accepted  size  standard  for  normal  CRT  use  (Woodson, 
1981).  However,  CRT  size  is  highly  dependent  upon  viewing 
distance,  display  resolution,  and  the  amount  of  information  to 
be  displayed.  Resolution  and  contrast  might  become  a  problem  in 
large  CRTs. 

3.  Eye  strain  and  fatigue  sometimes  have  resulted  from 
extended  use  of  CRTs  in  administrative  or  word  processing 
functions  (DeGroot  and  Kamphuis,  1983;  Grandjean  and  Vigliani, 
1980).  This  may  be  due  to  the  dynamic  nature  of  the  display 
information  on  CRTs  (e.g.,  scrolling  of  text  and  screen 
flicker).  It  also  may  be  due  to  excessive  reading  and  general 
fatigue.  However,  eye  strain  and  fatigue  have  not  been  tested 
for  CRTs  used  in  Army  aircraft. 

4.  Various  types  of  visual  afterimage  effects  have 
sometimes  occured  after  CRT  use.  These  effects  are  dependent 
upon  the  type  of  phosphor  used  and  the  display  intensity.  The 
afterimages  are  of  short  duration  and  are  not  usually  regarded  ' 
as  a  severe  problem.  However,  afterimage  effects  should  be 
considered  if  CRTs  are  selected  as  a  primary  display  tecnology. 

5.  Degraded  contrast  and  poor  display  readability  may 
occur  due  to  glare  from  sunlight  or  other  intense  light  sources. 

B.  Head-up  displays  (HUDs):  This  type  of  display  would 
consist  of  a  clear  panel  mounted  in  a  he  ad -up  position  upon 
which  visual  display  information  would  be  projected.  The  visual 
appearance  is  of  superimposed  images  on  the  outside  view.  With 
respect  to  the  pilot  a  large  properly  mounted  HUD  would  subtend 
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*  large  field  of  view  for  information  presentation.  The  head-up 
position  also  would  reduce  search  time  and  eye  fatigue  that 
could  result  from  diverse  or  complex  instrumentation. 

An  unfavorable  aspect  is  that  visual  contrast,  and 
therefore  display  readability,  would  be  disrupted  to  some  extent 
due  to  the  highly  variable  background  (i.e.,  the  oucside  view) 
of  the  displayed  information.  For  example,  color  and  coding 
schemes  that  might  produce  high  contrast  with  a  forest 
background  may  not  with  an  open  field  or  sky  background. 
Additionally,  display/background  visual  attention  disruptions, 
as  previously  discussed  .or  the  panoramic  display,  may  result 
from  using  a  HUD. 

C.  Helmet  mounted  displays  (HMDs):  These  types  of 
displays  would  be  similar  to  the  current  Integrated  Helmet  and 
Display  Sighting  System  (IHADSS)  being  used  in  the  AH-64.  The 
prototype  HMD  system  as  given  in  the  Human  Factors  and  MiJP  TODs 
consisted  of  a  binocular  HMD  in  order  to  implement  a  wide  field 
of  view  virtual  cockpit  display  system.  This  binocular  HMD  was 
suggested  as  the  primary  visual  display  system  for  the  LHX .  The 
present  analysis  concurs  with  the  opinion  given  in  the  TOD  that 
the  binocular  HMD  has  the  greatest  technological  potential  for 
meeting  the  display  requirements  necessary  for  the  wide  range  of 
missions  anticipated  for  the  LHX.  The  favorable  aspects  of  a 
binocular  HMD  are  a  large  field  of  view,  virtual  elimination  of 
eye  search  strain,  visual  coupling  with  f light/weapon  controls, 
and  the  display  of  visual  information  in  such  a  way  to  best 
promote  situational  awareness  (to  be  addressed  in  the  next 
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section) . 

However,  there  are  several  unfavorable  aspects  that  would 
be  associated  with  the  use  of  a  binocular  HMD.  These  are: 

1.  Variable  contrast  due  to  a  changing  background  and 
display/background  visual  attention  problems  could  affect  visual 
performance  in  a  binocular  HMD.  These  issues  were  previously 
discussed . 

2.  The  normal  20/20  field  of  view  (l.e.,  where  letters  or 
other  symbology  can  be  recognized)  when  the  head  Is  stationary 
and  only  the  eyes  are  allowed  movement  is  aproximately  100 
degrees  horizontally.  Therefore,  a  binocular  HMD  with  at  least 
a  100  degree  horizontal  field  of  view  would  maximize  the  area 
possible  for  usable  information  (i.e.,  symbology)  display. 
However,  a  wide  field  of  view  for  information  display,  nuch  as 
60-80  degrees  vertically  by  90-120  degrees  horizontally,  may  no) 
be  sufficient  for  tasks  highly  influenced  by  information  in  the 
peripheral  field  of  view.  Efficiency  and  effectiveness  of 
nap-of-the-ear th  (NOE)  flying  or  air-to-air  combat  may  be 
impaired  because  the  pilot's  peripheral  field  of  view  is 
restricted  by  the  binocular  HMD. 

3.  The  weight  and  size  of  a  helmet  with  binocular  HMDs  an> 
head  position  sensors  may  unnecessarily  fatigue  or  cause  injury 
to  the  head/neck/shoulder  areas.  Power  and  interfacing  cords 
may  restrict  head  movement  or  cause  neck/shoulder  injury. 

4.  Visual  afterimage  effects  may  result  from  proximity  of 
the  visual  display  to  the  eye  and  the  long-term  continual 
display  of  visual  information.  This  problem  may  be  severe  for 
HMDs  as  the  pilot  cannot  'look  away*  from  the  display  device. 
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5.  Current  generation  HMDs  (IHADSS)  do  not  pose  a 
radiation  hazard  due  to  the  low  power  vuitages  used  in  the 
projection  CRT.  Should  these  voltages  be  greatly  increased  (to 
meet  some  engineering  constraint)  radiation  could  become  a 
significant  health  hazard,  particularly  due  to  the  proximity  of 
HMDs  to  the  head  and  eyes. 

6.  A  binocular  HMD  presenting  a  three-dimensional 
information  display  may  interfere  with  normal  depth  perception 
of  the  outside  view.  This  could  degrade  visual  performance 
particularly  in  the  case  where  the  display  depth  does  not  match 
the  outside  view  depth,  creating  the  perception  of  symbology 
'floating'  in  front  of  the  outside  view.  Other  interferences 
may  occur  in  judging  aircraft  clearances  (rotor  and  tail  boom) 
or  determining  spatial  orientation. 
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Ad  vanced  Aircrew  Integrated  Helmet  System 


The  development  of  the  Advanced  Aircrew  Integrated  Helmet 
System  (HGU-56/P)  may  have  a  large  impact  on  both  visual 
performance  and  health  hazards  in  the  LHX.  Although  development 
of  this  system  already  is  underway,  some  brief  comments  are 
necessary. 

The  various  laser,  nuclear  flashblindness,  and  chemical, 
biological,  and  radiological  (CBR)  protection  systems  to  be 
included  in  this  helmet  mu3t  be  compatible  with  whatever  visual 
display  technology  is  used  in  the  cockpit.  As  discussed  in  the 
Human  Factors  TOD,  the  various  visual  protection  and  enhancement 
devices  simply  cannot  be  stacked  in  front  of  the  eye.  Doing  so 
risks  severe  degradation  of  visual  acuity,  contrast,  and  color 
coding  schemes.  It  ci.  mot  be  assumed  that  a  visual  display 
system  with  advanced  symbology  and  color  coding  will  necessarily 
be  compatible  with  laser,  flashblindness,  or  CBR  visual 
protection . 

The  number  of  protection  systems  proposed  for  the  HGU-56/P 
may  make  the  helmet  quite  cumbersome  and  heavy,  particularly  if 
HMDs  also  are  attached.  Neck  fatigue  and  injury  may  bo  a 
problem.  Reduced  head  mobility  may  occur  from  power  and  data 
cables  attached  to  the  helmet.  Hear,  stress  also  may  become  a 
problem  in  long  duration  missions  or  under  certain  environmental 
cond i t ions  . 
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COCKPIT  WORKLOAD  ASSESSMENT 

The  advanced  technological  features  and  extended 
operational  requirements  of  the  LHX  have  forced  the  concept  of 
pilot  workload  to  be  a  significant  factor  in  determining  the 
cockpit  design  of  the  LHX.  The  design  question  is  whether  or 
not  workload  can  be  reduced  sufficiently  to  allow  one-man 
operation  of  the  LHX  within  all  anticipated  mission  scenarios. 

It  has  been  suggested  strongly  in  the  Human  Factors  TOD  that 
excessive  pilot  workload  conditions  will  be  present  in  both  the 
one-  and  two-man  cockpit  configurations  if  the  LHX  is  designed 
according  to  current  state-of-the-art  technology.  Therefore, 
the  present  workload  assessment  concentrated  upon  the  concept  of 
workload  in  highly  automated  systems  in  order  to  determine 
whether  the  goal  of  workload  reduction  will  be  met  by  the 
program  of  system  automation  proposed  in  the  Human  Factors  and 
Mission  Equipment  Package  TODs. 

The  workload  assessment  proceeded  through  three  stages: 

(I)  a  survey  of  the  relevant  man-machine  interface  design 
considerations  as  given  in  the  TOD  (Section  F:  Human 
Factors/Man  Machine  Interface;  Section  E:  Mission  Equipment 
Package;  and  LHX  Mission  Profiles),  (2)  a  search  of  relevant 
literature  addressing  the  issue  of  workload  as  it  would  be 
applied  to  the  design  considerations,  and  (3)  an  analysis  of 
which  design  considerations  would  best  meet  the  goals  of  reduced 
workload  and  address  the  one-  versus  two-man  cockpit  question. 
The  following  presents  a  final  nontechnical  summary  concerning 
workload  assessments  of  the  various  proposed  automated  systems 


and  their  anticipated  functional  relations  tc  the  pilot(s) 


Definition  of  the  Concept  Workload 

The  concept  "workload"  has  been  used  in  many  contexts  as  a 
means  of  expressing  the  idea  that  the  human  operator  somehow  is 
limited  in  his  ability  to  perform  in  an  optimum  or  efficient 
manner.  There  is  no  widely  accepted  theoretical  definition  of 
workload.  High  levele  of  workload  are  usually  operationally 
determined  through  systematic  errors  or  other  performance 
decrements  during  some  task  or  set  of  tasks. 

The  traditional  human  factors  concern  has  been  with  errors 
and  performance  decrements  resulting  from  the  man-machine 
interface.  The  design  questions  of  this  type  have  revolved 
largely  around  information  displays  end  system  controls. 
Reduction  in  errors  and  improvements  in  performance  have  been 
obtained  by  redesigning  the  cockpit  layout,  changing  the  display 
symbologies,  and  making  controls  compatible  with  human 
operation . 

An  analysis  of  the  professional  literature  in  human 
performance  limitations  indicates  that  for  highly  automated 
systems  the  issue  of  workload  not  only  includes  the  traditional 
concern  of  the  man-machine  interface,  but  also  the  use  of  the 
human  operator  In  a  managerial,  or  executive  decision-maker, 
role  in  a  significant  fashion.  That  is,  workload  involves 
limitations  in  human  memory,  perception,  decision  making,  and 
other  aspects  of  information  processing.  Specifically,  in 
automating  aircraft  capabilities,  there  is  a  shift  from  the 
pilot  primarily  performing  skill-based  functions  to  primarily 
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performing  knowledge-baaed  functions  (Hart  and  Sheridan,  1984; 
Rasmussen ,  1983;  Statler,  1984;  Van  Cott,  1984). 

Skill-based  functions  roughly  can  be  defined  as  analogous 
to  riding  a  bicycle  or  driving  a  car.  Once  learned,  the  skill 
imposes  relatively  little  workload  upon  the  person  (as  opposed 
to,  for  example,  watching  the  traffic  or  looking  at  store 
slgrs).  Knowledge-based  functions  are  decision  making  or 
management  types  of  functions  where  the  available  Information 
must  be  analyzed  and  a  response  strategy  must  be  developed. 
Automated  systems  primarily  release  the  pilot  from  skill-based 
functions  and  increase  the  role  of  the  pilot  in  knowledge-based 
functions.  That  is,  the  pilot  is  now  required  to  interact  with 
“intelligent"  machines  (e.g.,  Hopson,  Zachary,  and  Lane,  1981). 
However,  humans  are  limited  mo3t  in  terms  of  what  they 
effectively  can  accomplish  within  knowledge-based  functions. 
That  is,  automated  systems  actually  could  increase  pilot 
workload  because  the  pilot's  tasks  have  become  more 
knowledge-based. 


Panoramic  Display 

It  was  suggested  in  the  TOD  that  some  type  of  unitary 
panoramic  display  be  used  on  which  all  visual  display 
Information  will  be  presented.  The  purpose  is  to  provide  a 
means  for  displaying  information  in  a  head-up  orientation  to 
maximize  situational  awareness,  the  compatibility  of  the  sensor 
information  with  actual  battlefield  conditions.  The  concept  of 
the  panoramic  display  is  sound,  and  should  enhance  performance, 
although  there  is  little  in  the  professional  literature  that 
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directly  addresses  workload  reduction  through  the  use  of  a 
panoramic  display.  However,  care  should  be  taken  in  the  manner 
in  which  the  panoramic  display  is  implemented  (apart  from  the 
display  hardware  used,  as  discussed  in  the  previous  section). 

The  effectiveness  of  promoting  full  situational  awareness 
is  highly  dependent  upon  the  situation.  The  necessary 
compression  of  Information  in  order  to  accurately  portray  a 
complex  La t  tie  situation  in  a  single  display  would  require  very 
sophisticated  coding  and  format  schemes  in  order  to  avoid 
confusion  and  minimize  readability  problems.  The  human  factors 
database  is  seriously  deficient  in  outiining  design  guidelines 
for  the  display  of  procedural,  factual,  and  structural  types  of 
Information  that  are  used  by  highly  automated  or  artificially 
intelligent  systems.  A  complex  battlefield  situation,  even  if 
presented  in  proper  formats,  remains  a  complex  situation,  and 
more  cognitive  information  processing  ( knowledge-based 
functions)  will  be  necessary  to  understand  that  situation. 


Target  Engagement/Fire  Control 
It  was  proposed  in  the  TOD  that  the  tasks  of  target 
detection,  acquisition,  identification,  engagement,  and  handoff 
be  automated.  This  will  be  the  case  for  both  ground  target 
attacks  and  air-to-air  engagements.  The  pilot  will  retain  the 
tasks  of  target  selection,  fire  commands,  interpretation  of 
targeting  information,  integration  of  targeting  information  and 
automatic  threat  analysis  with  mission  needs  and  status,  and 
evaluating  manual  override  options.  These  a’-e  significant 
demands  in  terms  of  knowledge-based  functions. 


Navigational  Systems  *  , 

Ae  determined  in  the  TOD;  hand-held  maps  produce 
unacceptably  high  levels  of  pilot  workload.  The  critical 
workload  factors  are  the  map  display  method  and  how  the  pilot 
communicates  with  the  system  in  order  to  input  navigational 
parameters.  Both  digital  m, meric  displays  and  projected  map 
displays  require  high  levels  of  knowledge-based  deciphering  and 
interpretive  functions  in  order  to  understand  tha  coded 
Information  presented  in  such  displays.  In  addition,  the 
navigational  needs  of  the  pilot  differ  depending  upon  whether 
flight  is  contour  or  NOE.  Studies  have  shown  that  navigating 
has  a  ery  high  visual  workload  component,  even  with 
navi;  .ional  aids  that  improve  overall  flight  and  navigational 
performance  (Cote,  Krueger,  and  Simmons,  1582;  Sanders, 

Simmons,  and  Hofmann,  1977). 

Contour  flight  is  more  likely  to  be  used  in  functions, 
combat  service  support,  and  flight  to  a  combat  station  (as 
indicated  in  the  LHX  mission  profiles).  A  graphic 
representation  of  aircraft  position  relative  to  terrain 
features,  waypoints,  destination,  obstacles,  and  known  enemy 
forces  is  needed.  Navigational  input  could  be  accomplished  by 
simply  pointing  to  the  location  on  the  screen  where  the  pilot 
wishes  to  go.  Best  flight  path,  necessary  headings,  speeds,  and 
timea  can  be  calculated  and  displayed  automatically  relative  to 
map  features.  However,  the  fashion  in  which  this  information  is 
coded  is  critical  in  determining  the  effectiveness  of  the 
operator . 

KOK  flight  is  used  in  tactical  combat  scenarios  where 
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aircraft  masking  and  surprise  are  mission  requirements.  The 
pilot  needs  information  highly  relative  to  his  immediate 
surroundings.  General  headings  and  speeds  may  not  be  adequate 
nor  account  for  small  terrain  obstacles.  A  digital  display  it 
required  that  presents  real-time  three-dimensional  images  based 
upon  the  visible  terrain  (or  FLIR  projection)  where  one  can 
l4  either  fly  through  a  "window"  or  follow  some  other  marker 

*  through  the  terrain  features.  For  example,  the  pilot  could 

“fly"  a  symbol  representing  the  aircraft  through  a  set  of 
obstacles  presented  on  a  CRT.  The  goal  should  be  to  release  the 
pilot  from  the  severe  attentional  demands  of  trying  to  maintain 
general  headings  through  terrain  obstacles.  This  should  be  done 
automatically. 

The  point  being  emphazised  is  that  navigation  must  be 
automated  to  as  large  an  extent  as  possible.  The  ideal  system 
would  perform  all  required  navigation  computations  and  display 
only  the  necessary  heading  and  speed  information  in  a  way  that 
minimizes  interference  with  other  tasks.  This  system  also 
should  be  able  to  automatically  determine  and  record  enemy 
positions  or  other  navigational  data  during  scout  missions. 


Communications 

Voice  interactive  control  seems  most  appropriate  for 
communications.  The  Integrated  Avionics  Control  System  (IACS) 
and  the  Integrated  Communications,  Navigation,  Identification 
Avionics  (ICNIA)  outlined  in  the  MEF  require  hands-on 
adjustments  in  order  to  select  frequencies  and  type  of  radio. 
Voice  control  can  be  used  to  "tell"  the  communication  system  tc 
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set  the  necessary  parameters  for  communication  with  a  -unit, 
aircraft,  etc.  However  it  is  critical  to  develop  the  voice 
interaction  so  that  a  minimum  of  coding  or  verbal  commands  are 
required.  Not  much  would  be  gained  in  workload  reduction  if  the 
voice  Interactive  system  required  verbal  equivalents  of  hands-on 
functions . 

Voice  control  and  warning  functions  may  produce  some 
auditory  interference  problems.  What  happens  if  a  verbal 
warning  occurs  while  the  pilot  is  conducting  a  critical  radio 
communication?  It  is  a  well  established  fact  that  there  are 
severe  human  cognitive  limitations  in  attending  to  multiple 
sources  of  information  through  audition  (Massaro,  1975,  pgs. 
259-319).  Important  changes  in  aircraft  status  or  some  critical 
information  may  be  missed  because  the  pilot  was  attending  to 
some  other  auditory  communication  function. 


System  Status  Monitoring 

With  the  exception  of  critical  flight  parameters  (e.g., 
attitude,  altitude,  heading,  torque,  air  speed)  there  is  little 
need  to  display  any  type  of  system  status,  nor  involve  the  pilot 
in  the  monitoring  or  decision  aspects  of  system  status.  System 
status  most  often  involves  the  determination  of  when  various 
systems  of  the  aircraft  are  within  acceptable  operating  levels. 
The  proposed  automated  status  monitoring  system  still  requires 
the  pilot  to  perform  the  knowledge-based  functions  of  diagnosis 
and  the  determination  of  the  necessary  corrective  acc.icn.  The 
corrective  action  also  must  be  implemented  by  the  pilot.  Pilot 
workload  may  increase  if  the  monitoring  system  displays  every 
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unusual  e/ent  or  Initiates  warning  signals  in  situations  where 
the  pilot  cannot  handle  the  necessary  corrective  decisions  or 
actions.  A  simple  multifunction  display,  while  reducing  the 
number  of  instruments  in  the  cockpit,  does  not  necessarily 
reduce  the  knowledge-based  functional  requirements,  and 
therefore  the  workload,  of  the  pilot  (Statler,  1984). 


Aircraft  Survivability  Equipment  (ASE) 

The  increase  in  number  and  sophistication  of  countermeasure 
systems  has  the  potential  to  produce  a  large  increase  in 
knowledge-based  pilot  functions.  The  present  analysis  concurs 
with  the  TOD  recommendation  that  the  ASE  must  be  automated  to  as 
large  an  extent  as  possible.  This  means  the  pilot  should  not  be 
included  in  any  countermeasure  decisions  that  can  be 
accomplished  automatically. 

A  secondary  concern  is  the  psychological  impact  automated 
ASE  systems  will  have.  Automation  will  be  necessary  in  order  to 
reduce  workload,  but  will  have  the  effect  of  removing 
survivability  functions  from  the  pilot's  control.  The 
psychological  impact  of  not  being  able  to  easily  intervene  in 
order  to  save  oneself  may  Increase  the  anxiety  that  normally 
occurs  during  combat  missions. 


Aircraft  Flight  Control  Systems 
A  significant  point  in  the  analysis  of  pilot  workload  is 
that  the  pilot  still  maintains  flight  control  of  the  LHX 
aircraft.  It  can  be  argued  that  flight  control  is  largely  a 
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•kill-based  function  much  the  sane  «•  tiding  a  bicycle  or 
controlling  a  car  is  a  skill.  The  implication  is  that 
automating  flight  control  through  stabilization  systems  or  hover 
and  hold  systems  may  not  necessarily  reduce  workload  in  a 
significant  manner  (e.g.,  Sanders,  et  al.,  1978).  The  high 
workload  in  flight  control  occurs  in  watching  for  other  traffic 
or  following  a  specific  route,  which  translates  into  either 
gross  or  precise  levels  of  aircraft  control  and  manuever 
depending  on  the  flight  profile.  NOE  flight  is  a  particularly 
relevant  example.  The  pilot  must  watch  continually  for  and 
avoid  small  terrain  obstacles  aud  enemy  action,  thus  forcing  a 
high  precision  in  the  control  and  manuevering  of  the  aircraft. 
Workload  can  be  reduced  and  flight  control  improved  by  providing 
aids  to  these  types  of  knowledge-based  functional  components  of 
flight  control. 
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Anticipated  pilot  workload  was  evaluated  with  respect  to 
the  one-  versus  two- man  cockpit  design  question.  The  present 
analysis  of  the  LHX  automated  systems  and  their  relation  to  the 
pilot  Indicates  that  a  high  level  of  workload  will  exist.  The 
primary  reason  for  this  conclusion  is  that  the  amount  of 
workload  in  highly  automated  systems  is  related  directly  to  the 
extent  of  knowledge-based  functions  the  pilot  must  perform  an 
order  to  interact  with  the  system  effectively  and  efficiently. 
Although  a  large  number  of  skill-based  functions  will  be 
automated  in  the  LHX,  the  automated  systems  proposed  for  the  LHX 
still  require  some  significant  decision-making  level  of 
interaction  with  the  pilot.  The  proposed  automation  will 
decrease  workload  in  some  respects,  but  significantly  increase 
it  in  other  respects.  That  is,  the  flexibility  and  expanded 
capabilities  of  the  advanced  sensor,  weapon,  communication,  and 
countermeasure  systems  of  the  LHX  will  increase  the  workload  in 
terms  of  knowledge-based  functions,  implying  that  pilot  error 
could  increase.  At  the  least,  the  pilot  often  might  be  faced 
with  situations  where  some  necessary  decisions  or  actions  would 
eitner  not  be  made  on  time  or  result  in  some  unsafe  compromise. 
On  the  basis  of  this  analysis,  it  is  recommended  that  the  LHX  be 
designed  with  at  least  a  two-pilot  cockpit. 

The  emphasis  placed  on  the  shift  from  skill-based  functions 
to  knowledge-based  functions  due  to  specific  types  of  automation 
should  not  be  construed  as  an  argument  against  automating  the 
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1HX.  It  is  an  argument  for  the  further  use  of  automation  in 
ways  that  complement  the  advanced  sensor  and  weapons-oriented 
automation  now  proposed  for  the  LHX.  The  knowledge-based 
functions  should  be  automated  in  ways  that  complement  the 
currently  proposed  automation  of  the  skill-based  functions. 

This  could  be  in  the  form  of  pilot  decision  aids  along  with  some 
capability  for  high  level  decision-making.  It  also  could  be 
used  to  remove  the  pilot  from  certain  decision  loops  altogether. 
The  type  of  automation  that  would  replace  knowledge-based 
functions  moot  often  is  referred  to  as  artificial  intelligence. 
However,  the  state-of-the-art  in  this  field  may  not  yet  be 
sufficiently  advanced  for  automating  knowledge-based  functions. 
It  is  this  type  of  technology  that  is  needed  in  the  LHX  in  order 
to  have  a  single-pilot  cockpit.  The  following  briefly  outlines 
some  artificial  intelligence  automation  possibilities  that  would 
bring  the  LHX  closer  to  single-pilot  operation.  These 
suggestions  were  not  included  as  options  in  the  TOD. 

1.  Automatic  flight  control:  As  already  discussed,  the 
TOD  calls  for  the  pilot  to  retain  control  of  the  aircraft's 
flight.  This  could  produce  high  levels  of  workload  depending 
upon  the  flight  profile  and  the  degree  of  precision  necessary  in 
flight  control.  Therefore  it  is  suggested  that  flight  control 
be  so  automated  that  the  pilot  actually  need  not  control  the 
aircraft  in  times  of  high  workload.  The  automated  flight 
control  system  can  be  interfaced  with  the  navigation  system  so 
that  the  pilot  only. need  "tell"  the  aircraft  where  to  go  and  the 
actual  flight  tl en  is  completed  automatically.  The  pilot  would 
then  become  more  of  a  commander  than  a  'flyer'  of  the  aircraft. 
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Flight  controls  could  still  be  included  in  the  cockpit  for  those 
instances  requiring  direct  pilot  control. 

2.  Automated  aircraft  survivability/countermeasures:  The 
pilot  should  concentrate  on  the  parameters  of  the  mission  and 
how  the  mission  can  be  accomplished  in  the  type  of  battlefield 
scenario  anticipated  by  AirLand  Battle  2000  doctrine.  Although 
survivability  is  essential  for  mission  completion,  it  is  often 
more  of  a  passive  nature  and  could  be  handled  automatically 
(e.g.,  electronic  countermeasures).  The  pilot  need  not  be  part 
of  the  countermeasures  taken  unless  they  require  some  action 
that  might  compromise  mission  completion.  However,  the 
psychological  impact  cf  this  type  of  automation  will  have  to  be 
carefully  assessed. 

3.  Automatic  system  status  diagnosis  and  correction:  As 
presented  in  the  TOD,  the  pilot  still  is  required  tc  perform 
system  diagnosis  and  correction  for  system  status  warnings  or 
unusual  events.  These  knowledge-based  functions  could  be 
automated.  The  only  time  the  pilot  need  be  included  ir.  system 
status  functions  is  when  soma  corrective  action  not  under  system 
control  must  be  performed.  In  order  to  reduce  the  pilot's 
knowledge-based  functions,  it  is  critical  that  the  automatic 
system  status  monitoring  have  sufficient  artificial  intelligence 
to  account  for  the  pilot's  real-time  workload  demands.  Warning 
signals  are  useless  if  the  pilot  cannot  properly  respond  due  to 
other  workload  factors. 
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IMPLICATIONS  FOR  RESEARCH 

The  LHX  is  intended  to  provide  the  flexibility  and 
capability  necessary  for  survival  and  mission  completion  in  the 
battlefield  anticipated  by  the  AirLand  Battle  2000  doctrine.  In 
order  to  accomplish  these  goals,  not  only  will  the  engineering 
design  requirements  push  the  limits  of  technology,  but  a  new 
man-machine  relationship  will  have  to  be  established.  The  pilot 
will  be  no  longer  the  controller  of  a  relatively  'passive* 
machine,  but  will  become  the  manager  of  a  sophisticated, 
'intelligent'  system.  Accordingly,  biomedical  research  and 
development  should  be  directed  toward  answering  the  unknown 
questions  and  resolving  the  anticipated  problems  that  now  can  be 
determined  as  relevant  for  the  realization  of  such  futuristic 
systems . 

Within  the  mission  of  USAARL,  which  Includes  biomedical 
aspects  of  human  factors  and  human  performance  issues,  there  are 
two  primary  lines  of  research  that  may  be  needed  to  address 
questions  still  unresolved  for  LHX  and  post-LHX  systems. 

The  first  line  of  research  would  concern  the  symbiotic 
relationship  that  will  be  established  between  the  man  and  the 
machine.  As  outlined  here,  the  pilot  will  be  required  to 
perform  more  knowledge-based,  managerial  types  of  functions. 

With  increasing  sophistication  resulting  from  artificial 
intelligence,  the  operator  will  become  more  of  a  'partner'  with 
the  machine.  There  are  several  specific  research  questions  that 
could  be  addressed  In  support  of  LHX  and  post-LHX  systems. 

Among  them  are: 


R-VIII-28 


22 


1.  That  knowledge-based,  or  decisional,  capabilities 
should  be  automated  and  what  should  be  left  up  to  the  human? 
Where  and  when  can  the  pilot  be  effectively  replaced? 
Increasingly,  it  is  becoming  evident  in  present  research  that 
not  only  are  humans  limited  in  their  decisional  capabilitier , 
but  machines  also  are  limited  (even  tho  super  computers)  in 
their  computational  capabilities  relevant  to  what  is  required  in 
order  to  compute  optimal  solutions  to  certain  decisions.  The 
parameters  of  the  most  efficient  ana  reliable  man-machine 
decisional  relation  must  be  established. 

2.  Where  and  when  can  decision  aids  enhance  pilot 

capabilities  and  information  processing?  What  form  should  these 
decision  aids  take?  It  may  be  necessary  or  desirable  to  let  the 
pilot  make  certain  types  of  decisions  even  though  his  efficiency 
may  be  extremely  low.  The  machine  may  be  able  to  help,  even 
though  the  pilot  will  have  the  final  word.  • 

3.  Which  human  cognitive  limitations  are  most  relevant  in 
determining  how  well  the  pilot  functions  within  highly  automated 
workspaces?  Basic  research  has  indicated  that  humans  are 
limited  in  memory,  perception,  and  many  other  higher  level 
cognitive  functions.  In  what  manner,  if  any,  should  these 
limitations  be  compensated  for  through  the  use  of  automation? 

The  second  major  line  of  research  would  concern  the  actual 
Interface  between  the  man  and  the  machine.  It  is  evident  that 
even  current  technology  to  be  used  in  the  LHX  will  extend  the 
pilot's  effective  sensory  range  and  information  input  to  such  an 
extent  that  information  overload  could  become  a  serious  problem. 
Several  specific  questions  should  be  addressed. 
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1*  How  should  various  sources  of  information  be  integrated 
in  order  to  provide  a  'true*  representation  of  the  battlefield 
conditions  <i.e.,  how  is  situational  awareness  to  be  achieved)? 
How  should  the  Integrated  information  be  displayed  to  maximize 
pilot  performance? 

2.  Advanced  sensor  systems,  coupled  with  artificial 
Intelligence  analyses,  will  be  capable  of  providing  a  wide  range 
of  Information  types  rather  than  just  status  Information.  What 
symbologies  or  formats  are  most  effective  or  efficient  for 
presenting  the  types  of  structural,  factual,  or  procedural 
information  available  through  artificial  intelligence-based 
sensor  or  command,  control,  and  communication  systems?  How  are 
three-  and  four-dimensional  world  views  best  displayed  or 
simulated  in  two-dimensional  visual  displays? 

J,  What  types  of  'personalized1  displays,  those  displays 
generated  to  enhance  the  strengths  and  minimize  the  weaknesses 
of  a  specific  pilot,  can  be  used?  Does  this  presentation  method 
significantly  benefit  the  pilot?  It  is  self  evident  that  people 
are  not  all  the  same.  The  level  of  efficiency  and  fighting 
capability  desired  for  future  systems  might  be  achieved  only  by 
taking  into  account  and  providing  appropriate  compensations  for 
limitations  on  an  individual  basis. 
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NUCLEAR ,  BIOLOGICAL ,  AND  CHEMICAL  (NBC)  CONTAMINATION  PROTECTION. 


DETECTION,  AND  DECONTAMINATION  CONCEPTS  ANALYSIS 
FOR  THE  LIGHT  HELICOPTER  FAMILY  (LHX) 


1.  INTRODUCTION. 

Th«  official  public  policy  of  the  Soviet  Union  is  one  of  international 
limitation  and  control  of  nuclear,  biological,  and  chemical  (NBC)  veapona. 
There  la  evidence,  however,  that  the  official  policies  are  ignored  when  the 
Soviets  are  directly  or  suppoxtively  involved  in  military 

conflicts. Soviet-backed  forces  have  reportedly  used  chemical  weapons  as  a 
means  to  destroy  whole  villages  of  H'mong  tribesmen  in  Laos.  Evidence  also 
points  to  the  use  of  chemicals  in  Cambodia.  More  recently,  there  have  been 
indications  that  Soviet  occupation  forces  Afghanistan  are  using  chemical 
agents  in  an  attempt  to  neutralize  the  resistance  of  the  Afghan 
patriots. 6  one  of  the  widest  disparities  between  North  Atlantic  Treaty 
Organization  (NATO)  armed  forces  and  those  of  the  Warsaw  Pact  nations  is  in 
chemical  warfare  capabilities.  In  chemical  warfare,  the  greatest  tactical 
advantage  accrues  to  the  nation  with  the  greater  capability.  History  has 
shown  that  when  such  a  disparity  has  existed,  it  has  generally  been  exploited, 
as  in  Laos  and  Afghanistan. 

The  Soviets  have  employed  and  are  expected  to  continue  to  employ  NBC 
weapons.  Their  vast  arsenal  of  NBC  weapons  and  delivery  systems  has  con¬ 
siderable  range  and  mobility.  NBC  weapons  are  relatively  cost  effective  com¬ 
pared  to  other  weapons  and  can  be  delivered  by  artillery,  missiles,  bombs,  or 
aerial  spray  systems.  The  Soviets  are  well-equipped  and  prepared  to  fight  an 
offensive  conflict  in  an  NBC  environment, 

Soviet  doctrine  emphasizes  surprise  attack  and  a  massive  offensive  effort 
to  rapidly  penetrate  the  defender's  main  line  of  defense,  to  encircle  pockets 
of  resistance,  and  to  thrust  into  the  rear  area.  The  advantages  of  using  NBC 
weapons  to  accomplish  the  Soviet  offensive  objectives  are  numerous.  Chemical 
agents,  biological  agents,  and  radiological  hazards  can  be  used  to  kill  or 
incapacitate  an  enemy  while  leaving  terrain,  buildings,  military  equipment, 
and  supplies  intact.  Such  weapons  can  also  be  uoed  to  contaminate  selected 
terrain,  thereby  creating  a  barrier  that  hinders  free  tactical  movement  and 
channels  maneuver  forces. 

To  enhance  their  capability  to  fight  and  survive  in  a  chemical  environ¬ 
ment,  the  Warsaw  Fact  nations  have  fielded  a  wide  range  of  NBC  offensive  and 
protective  systems  including  personnel  protective  clothing  and  detection, 
identification  and  decontamination  devices.  The  net  result  is  a  formidable 
capability  to  fight  and  survive  in  an  NBC  environment. 

The  future  battlefield  may  be  characterized  by  the  extensive  use  of  NBC 
weapons,  particularly  during  the  initial  attack.  The  forward  line  of  own 
troops  (FLOT)  will  most  likely  be  hit  with  nonperslstent  agents  while  more 
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persistent  agents  may  be  used  further  to  the  rear  on  secondary  troop  posi¬ 
tions,  counterattack  approaches,  reserve  assembly  areas,  supply  depots, 
artillery  locations,  and  airfields. ^ 

Army  aviation,  especially  the  new  LHX,  can  expect  to  encounter  more  con¬ 
taminated  areas  than  most  ground  units.  Aviation  assets  will  not  only  be 
located  near  or  with  ground  troops  but  will  also  fly  missions  in  or  through 
contaminated  areas.  The  tactical  mobility  of  aircraft  allows  them  to  cover 
considerable  terrain  in  a  short  period  of  time,  enabling  them  to  encounter  and 
fly  through  several  contaminated  areas  during  a  single  mission.  If  the  LHX  is 
to  be  successful  in  future  combat,  it  must  be  designed  to  protect  the  aircrew, 
to  limit  contamination  of  the  aircraft  and  its  weapons,  and  to  aid  in  decon¬ 
tamination.  Defensive  measures  must  be  designed  into  the  LHX  to  prevent  an 
increase  in  air  or  ground  crew  workload,  to  maintain  a  high  level  of  crew  and 
mission  effectiveness,  and  to  minimize  the  Army's  manpower  and  training 
requirements.  The  purposes  of  thl3  analysis  are  to  assess  the  threat  to  Army 
aviation,  specifically  to  the  LHX,  posed  by  the  use  of  NBC  weapons;  to  examine 
the  effect  of  those  weapons  on  crew  performance;  and  to  evaluate  available 
techniques  to  reduce  the  impact  of  NBC  weapons  on  the  LHX  mission  effec¬ 
tiveness.  This  analysis  use3  the  deficiencies  outlined  in  the  Army  Aviation 
Mission  Area  Analysis  as  a  baseline,  supplemented  with  the  LHX  Trade-Off 
Determination  (TOD)  and  other  current  NBC  evaluations  and  field  te3t3.  The 
goals  outlined  in  AR  70-71,  Nuclear,  Biological,  and  Chemical  Contamination  of 
Array  Materiel,  were  also  addressee. 

2.  HUMAN  PERFORMANCE. 

a.  General.  Degraded  aircrew  performance  during  and  a.' ter  an  NBC  attack 
depends  on  the  quantity,  magnitude,  and  type  of  weapons  and  agents,  as  well  as 
the  distance  personnel  are  located  from  the  point  of  employment  and  the  level 
of  Individual  protection  provided.  Because  of  the  wide  variety  and  complexity 
of  the  effects  of  each  specific  type  of  weapon  and  agent,  a  detailed  dis¬ 
cussion  is  not  included  in  this  analysis.  This  discussion  is  limited  to  an 
overview  of  the  overall  impact  each  type  of  weapon  system  has  on  human  perfor¬ 
mance.  In  general,  the  effects  of  NBC  weapons  on  soldiers  include  physical 
discomfort,  psychological  stress,  nausea,  burns,  flashblindness,  loss  of 
consciousness,  disorientation,  and  death.  All  of  these  factors  contribute  to 
degraded  soldier  performance  and  reduced  mission  success. 

b.  Nuclear.  The  use  of  nuclear  weapons  not  only  causes  damage  to 
vehicles,  buildings,  and  supplies,  but  also  degrades  soldier  performance  and 
causes  casualties.  The  effects  that  most  impact  an  aircrew  fall  into  four 
ca tegories— bias t,  nuclear  radiation,  thermal  radiation,  and  f lasLblindness. 
Each  has  a  different  effect  on  the  human  body  and  performance  levels  which 
will  be  described  in  subsequent  paragraphs. 

High-pressure  blast  waves  that  occur  seconds  after  a  detonation  create 
environmental  overpressures  which  can  cause  immediate  death  or  injury  to 
individuals  by  their  crushing  effect.  Sudden  compressions  of  the  body  result 
in  the  collapse  of  the  thoracic  and  abdominal  walls,  as  well  as  the  membranes 
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of  the  ear.  These  compressions  can  produce  hemorrhage  and  ruptures  of  the 
lungs  and  eardrums.  A  temporary  loss  of  consciousness  has  also  been  asso¬ 
ciated  with  a  nuclear  blast.  The  net  result  could  be  a  fatality,  a  casualty 
that  requires  medical  attention,  or,  at  a  minimum,  a  degradation  in  soldier 
perf ormance. H 

The  „ipd  blast  from  a  nuclear  detonation  also  indirectly  effects  human 
performance  adversely.  The  danger  is  caused  by  flying  objects  picked  up  by 
the  wind  and  thrown  randomly  about  the  battlefield.  The  high-speed  winds  pro¬ 
pel  small  objects  like  glass,  tree  limbs,  or  debris  at  great  speed,  turning 
them  into  potentially  lethal  missiles.  Data  obtained  auring  nuclear  weapon 
tests  reveals  that,  at  relctively  lew-peak  overpressure  values,  small  glass 
fragments  and  stones  can  reach  velocities  of  285  feet  per  second  (fps).  Large 
missiles,  weighing  approximately  10  pounds  (lb),  can  cause  concussions  and 
skull  fractures  at  impact  velocities  as  low  as  15  fps.  The  wind  from  a 
nuclear  detonation  can  also  physically  throw  exposed  Individuals  several 
hundred  feet.^- 

Thermal  radiatiou  caused  by  a  nuclear  explosion  causes  injuries  in  two 
ways--by  direct  absorption  of  the  thermal  energy  (flash  bums)  and  by  fire 
caused  In  the  environment.  Close  to  the  explosion,  the  thermal  output  will  be 
so  great  that  all  objects  will  be  incinerated.  At  greater  distances,  the 
bums  received  by  personnel  will  range  from  a  mild  sunburn  to  extensive  third- 
degree  bum»,^  Individuals  may  rapidly  become  Incapacitated  and  require 
medical  treatment.  The  aircraft  itself  and  the  aircrew's  clothing  will  afford 
some  protection  but  the  aircrew's  exposed  skin  areas  (like  the  face)  will  be 
adversely  affected.  Second-degree  bums  around  the  aviator's  eyes  can  easily 
cause  him  to  lose  his  visual  capabilities.  The  pain  of  skin  bums  will  also 
be  detrimental  to  human  performance. 

Radiation  emanating  from  a  nuclear  explosion  has  a  somewhat  different 
affect.  The  effects  of  radiation  on  humans  are  primarily  deterioration  of  the 
body's  blood  cells,  bone  marrow,  gastrointestinal  systems,  and  the  central 
nervous  system.  Unlike  other  nuclear  effects,  radiation  may  cause  casualties 
without  readily  apparent  symptoms.  The  radiation  components  harmful  to  humans 
are  outlined  In  figure  1.  At  radiation  levels  of  650  cGY  or  more,  the  effects 
are  lethal;  Individuals  are  Incapacitated  within  minutes  and  remain  func¬ 
tionally  impaired  for  days,  until  death  occurs.  12  Even  at  low  levels  of 
radiation,  the  near-term  effect  on  the  human--nausea,  vomiting,  headache,  diz¬ 
ziness,  and  disorients tlcn--wlll  reduce  effectiveness,  particularly  on  a  pilot 
attempting  to  fly  and  fight  in  an  Army  helicopter. 
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Radiation 

Component 

Total 

Accumulated  Dose 
(cGY) 

Detrimental  Effects 
on  Humans 

Gamma  rays 
and  neutrons 

150 

No  lethal  effect  but  may  cause  vomit¬ 
ing  and  nausea  with  a  predicted 
5-percent  casualty  rate. 

650 

Lethal--bone  marrow  does  not  produce 
blood  cells— with  possible  death  in 
several  weeks. 

3,000 

Immediate  temporary  incapacitation; 
personnel  are  incapacitated  within 

5  minutes,  remain  so  30-45  minutes, 
and  then  recover  but  are  functionally 
impaired  until  death  in  4-5  days. 

2,000 

Immediate  permanent  incapacitation; 
personnel  are  incapacitated  within 

5  minutes  and  remain  so  for  physically 
demanding  tasks  until  death  in 

1-2  days. 

Beta  particles 

Skin  burns  on  contact;  hazardous  if 
ingested. 

Not  considered  tactically  significant. 

Alpha  particles 

Hazardous  if  ingested;  many  alpha 
emitters  mimic  biologically  active 
slemants  and  are  preferentially  bound 
to  specific  organs. 

Not  considered  tactically  significant. 

Figure  l.  Radiation  components  harmful  to  humans.^ 


Flashblindnaso  and  retinal  bums  are  perhaps  the  most  far-reachir.g  effects 
of  a  nuclear  explosion  with  temporary  effects  on  the  aircrew  extending  out 
much  further  than  the  overpressure,  wind  blast,  and  thermal  radiation  impact, 
Flashollnunass  is  the  temoorary  loss  of  vision  caused  by  the  Initial  brilliant 
flash  of  light  produced  by  the  nuclear  detonation. 
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During  daylight,  it  may  take  the  eye  up  to  2  minutes  to  recover  from 
flashblindness.  At  night,  the  situation  is  mote  devastating;  loss  of  full 
night  dark  adaptation  can  last  30  minutes  or  oore.^l  These  recovery  periods 
are  unacceptable  when  flying  an  aircraft.  Retinal  damage  caused  by  the  direct 
and  indirect  viewing  of  the  high- intensity  flash  is  more  severe  than 
flashblindness.  In  retinal  burns,  the  damage  is  permanent.  A  portion  of  the 
retina  of  the  aviator's  eyes  car.  be  impaired,  creating  a  blind  spot  in  the 
visual  f.ald  of  both  eyes. 

A  1-megaton,  multiburst  yield  nuclear  attack,  spread  randomly  over  a  divi¬ 
sion  area,  has  been  estimated  to  destroy  7  percent  of  the  rotary  wing  aircraft 
by  blast  while  83  percent  of  the  unprotected  airborne  pilots  will  experience  a 
level  of  flashblindness  that  could  result  in  a  crash. “  With  a  50-kiloton 
yield  at  1,000  feet  above  the  ground,  aviators  will  be  blinded  for  5  seconds 
or  more  during  the  day,  within  a  14. 3-nautical  raiie  (nm)  range  of  the  burst 
and  as  far  away  as  32.5  nm  at  night. 14  During  nap-of- the-earth  (NOE) 
flight,  f lashblindness  for  a  number  of  seconds  could  be  disastrous.  The 
overall  effect  of  flashblindness  will  certainly  have  an  adverse  effect  on 
human  performance. 

c.  Chemical.  The  overall  effect  that  chemical  exposures  will  have  on 
human  performance  is  dependent  on  the  extent  and  type  of  the  chemical  used, 
the  exposure  time,  the  breathing  rate,  and  the  measures  taken  to  protect  the 
soldier. 

The  major  chemical  threats  that  the  aircrew  can  expect  to  encounter  during 
combat  including  blood,  nerve,  choking,  and  blistering  agents  in  the  form  of 
gases,  aerosols,  and  liquids,  are  depicted  in  figure  2.  The  effects  of  chemi¬ 
cals  on  aircrews  vary  from  mild  irritation  to  incapacitation  and  death.  For 
example,  if  the  crewmember  is  exposed  to  nerve  agents  when  wearing  normal 
flight  clothing,  the  physiological  impact  varies  from  nausea  and  vomiting  to 
unconsciousness  and  eventually  death.  The  casualty  rate  under  those  con¬ 
ditions  would  completely  destroy  combat  effectiveness.  Even  when  the  chemical 
attack  results  in  a  lesser  degree  of  degradation,  the  aircrew  may  be  unable  to 
fly  the  aircraft  and  to  perform  their  mission.  They  may  very  well  end  up 
under  medical  care  for  days  or  months.  A  major  concern  for  the  aviator  in  the 
NBC  environment  in  miosis.  Extremely  small  concentrations  of  chemical  agents, 
especially  nerve  agents/*  reaching  the  eye  can  induce  pain  and  cause  the 
Individual's  pupil  to  constrict,  thereby  causing  diminished  vision,  A  reduc¬ 
tion  in  visual  capability  can  have  a  catastrophic  impact  within  seconds. 
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Figure  2.  Chemical  agent  characteristics.** 
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d*  Biological.  Biological  agents  consist  of  living  microorganisms  much 
like  those  that  create  normal  illness  in  humans  and  animals.  Toxins  are  the 
by-products  of  living  microorganisms  that  react  similarly  to  chemical  agents 
in  the  human  body.  Figure  3  reflects  some  of  the  typical  biological  agents 
that  may  be  used  in  war.  Most  biological  agents  differ  from  chemical  agents 
in  their  reaction  time.  Chemical  agents  and  toxins  tend  to  have  an  adverse 
effect  on  the  individual  in  a  few  minutes;  with  biological  agents,  other  than 
toxins,  there  is  a  considerable  delay  (hours  to  days)  from  the  time  the  indi¬ 
vidual  is  exposed  to  the  agent  until  symptoms  appear.  Due  to  that  time  delay, 
biological  agents  are  expected  to  be  used  over  a  widespread  area,  possibly 
before  a  major  conflict.  Their  application,  in  a  tactical  sense,  is  expected 
to  be  very  limited.  Mthough  Army  aviation,  as  a  member  of  the  combined  arms 
team,  must  be  concerned  with  biological  agents,  the  Impact  on  the  system 
design  of  the  LHX  is  not  expected  to  differ  much  from  that  applied  to  chemical 
defense. 


Main  Group 
Bacteria 
Ricketts  las 

Viruses 

Fungi 

Toxins 


Subgroup 

Anthrax,  plague,  brucellosis,  typhoid,  dysentry 

Queensland  fever,  Rocky  Mountain  spotted  fever, 
other  types  of  spotted  fever 

Yellow  fever,  smallpox,  encephalitis 

Coccidiomycosia ,  blastomycosis 

Botulism,  staphylococcus,  mycotoxins 


Figure  3.  Bacteriological  and  biological  agents. ®>  9 


3.  NBC  DEFENSE. 

a.  Approaches.  Some  type  of  defense  is  needed  if  aviation  personnel  are 
to  fight  and  to  perform  effectively  in  a  contaminated  environment.  Four 
approaches--avoidance,  collective  protection,  medical  measures,  and  individual 
protection  (figure  4)--are  currently  envisioned  to  provide  soldiers  protection 
from  the  adverse  effects  of  NBC  weapons.  All  four  approaches  have  merit,  but 
each  has  Inherent  limitations  and  none  alone  provides  the  ultimate  answer. 
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Avoidance;  Avoid  the  contaminated  area. 

Medical  Measures;  Administer  immunizations  and  pre trea tments  to 
individuals  prior  to  an  attack  and  antidotes  after  the  attack  to  counter'' 
the  agents’  effects. 

Individual  Protection:  Provide  individual  protective  suits  to  allow  opera¬ 
tion  in  the  contaminated  environment. 

Collective  Protection;  Remain  in  protective  shelters  or  sealed  vehicles 
that  prevent  contamlna tlon  from  reaching  individuals. 


Figure  4.  NBC  defense  approaches. 


b.  Contamination  Avoidance. 

The  most  effective  means  to  prevent  casualties  and  the  debilitation  of 
aviation  personnel  during  an  NBC  attack  is  to  avoid  the  threat  completely.  In 
some  cases,  aircraft  may  be  able  to  fly  around  contaminated  areas  and  still 
accomplish  their  mission. 

The  option  of  avoidance  will,  however,  only  be  successful  if  aviation  * 
units  and  aircraft  are  warned  in  time  to  avoid  the  threatening  agent.  The 
location  of  contaminated  areas  must  be  accurately  identified  before  the 
aircraft  enters  those  areas.  Standoff  contamination  detection  devices, 
discussed  in  detail  later  in  this  report,  are  required  for  the  LHX  to  use  the 
option  cf  contamination  avoidance. 

Contamination  avoidance  '.«•  a  valuable  tactical  option  that  can  Increase 
combat  effectiveness  during  some  battles,  but  not  all.  Other  NBC  defensive 
measures  need  to  be  employed  to  protect  the  LHX  aircrew  during  periods  when 
they  must  fly  into  contaminated  cress. 

c.  Medical  Measures. 

To  overcome  the  adverse  effects  that  NBC  weapons  have  on  human  perfor¬ 
mance,  pretreatments  or  antidotes  can  be  used  before  and  after  exposure  to 
agents. 

Biological  warfare  casualties  can  be  reduced  if  soldiers  are  immunized 
prior  to  attack.  Agents  used  in  biological  warfare  spread  diseases  like  those 
that  are  found  in  various  parts  of  the  world  today-- typhoid ,  influenza,  and 
anthrax,  to  name  a  few.  Some  of  the  effects  of  biological  agents  can  be 
countered  by  promoting  good  hygiene  among  the  troops,  but  immunization  seems 
to  be  more  effective.  Because  of  the  wide  variety  of  diseases,  the  biological 
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agent  most  likely  to  be  used  must  be  known  so  that  personnel  can  be  provided 
the  proper  immunization.  The  field  commander  must  rely  heavily  on  intelli¬ 
gence  sources  and  monitor  local  water  and  food  supplies  for  that  information. 

Protection  or  immunization  against  chemical  agent3  is  not  quite  as  effec¬ 
tive  as  for  biological  agents.  Pyridostigmine,  available  in  pill  form,  if 
taken  a  sho.t  time  before  nerve  agent  exposure,  will  reduce  the  probability  of 
death  and  will  protect  the  soldier's  health  but  will  do  little  to  maintain  his 
maximum  combat  effectiveness. Atropine  and  pralidoxime,  the  more  widely 
cvailabie  self-administered  antidotes  for  chemical  agents,  will  save  the  lives 
of  individuals  who  have  received  lethal  dosos  of  a  nerve  agent  and  will  reduce 
the  severity  of  sublethal  doses  if  administered  immediately  after  exposure. 
However,  side  effects  like  nausea,  vomiting,  disorientation,  loss  of  visual 
accommodation,  and  pain  could  result  in  degraded  performance. 

A  second  and  possibly  more  serious  problem  arises  when  the  individual 
inadvertently  administers  excessive  atropine  or  other  antidote  when  not 
actually  subjected  to  a  nerve  agent.  Premature  multiple  Injections  may  cause 
the  individual  to  become  incapacitated  by  the  antidote  itself. 

A  review  of  the  effects  that  such  therapeutic  compounds  have  on  mau^ > 
indicates  possible  performance  decrements  which  include  Increased  heart 
rates,  reduced  visual  accommodation,  dizziness,  sleepiness,  fatigue,  and 
reduced  cognitive  capability  for  multiple  doses. 

Generally,  when  considering  the  medical  evidence  concerning  chemical  and 
biological  agent  prophylactic  and  antidote  measures  currently  available  to 
Army  aviation,  one  can  conclude  that  the  use  of  medical  measures  as  an  NBC 
defense  will  save  lives,  reduce  casualties,  and  may  boost  the  morale  of  the 
troopc.  On  the  other  hand,  the  decrement  in  human  performance  is  still  signi¬ 
ficantly  high  and  reduces  mission  effectiveness.  Research  efforts  are 
currently  ongoing  to  improve  pretreatments  and  antidotes,  but,  at  this  time, 
they  do  not  appear  to  be  a  viable  alternative  to  collective  or  individual  NBC 
protection  in  the  LHX. 

d.  Individual  Protection. 

(1)  Current  systems. 

Individual  protective  clothing  has  received  considerable  attention  as  a 
means  to  provide  the  required  chemical  protection  for  aviation  personnel.  The 
major  argument  for  emphasizing  this  type  of  protection  within  the  Army  is  that 
soldiers  cannot  always  fight  from  a  collective  area  or  vehicle  and  therefore 
need  Individual  protection.  This  philosophy  has  been  carried  over  to  Army 
aviation  on  a  similar  premise-- tha t  the  likelihood  of  keeping  chemicals  out¬ 
side  the  aircraft  crew  station  is  very  difficult.  For  example,  an  aircraft 
returning  from  a  mission  may  have  to  land  in  a  contaminated  area  and  the  pilot 
nay  have  to  leave  the  aircraft.  In  doing  so,  the  inside  of  the  cockpit  could 
become  contaminated.  The  same  would  be  true  of  utility  aircraft  picking  up 
troops  from  a  contaminated  area.  Our  current  aircraft  are  not  designed  to 
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prevent  agents  from  entering  the  cockpit,  so  they  could  easily  be  contaminated 
in  a  matter  of  seconds  when  flying  through  a  vapor  cloud  or  toxic  rain  or  when 
just  sitting  on  the  ground.  The  protective  clothing  approach  does,  however, 
introduce  many  and  severe  handicaps  on  the  human  operator  resulting  in 
degraded  human  performance. 

The  aviator's  current  U3C  protective  clothing  (figure  5)  consists  of  a 
standard  flight  suit,  a  chemical  protective  overgarment,  a  protective  mask, 
the  standard  SPH-4  helmet  with  chemical  hood,  a  set  of  protective  overboots, 
and  a  set  of  chemicai  agent-resistant  gloves.  This  version  of  protective  gear 
has  been  in  the  inventory  for  more  than  10  years.  Depending  upon  the  antici¬ 
pated  threat,  the  mission-oriented  protective  posture  (MQPP)  may  be  varied  to 
provide  flexibility  in  mission  accomplishment.  The  various  MOPP  levels  of 
protection  and  associated  protective  clothing  worn  are  summarized  in  figure  6. 
MOPP  selection  for  a  given  time  period  is  based  on  the  threat,  the  mission, 
vulnerability,  and  weather.  The  theater  commander  hopefully  orders  MOPP  1 
before  the  use  of  chemical  agents  while  MOPP  4  is  used  if  an  attack  occurs  or 
is  imminent.*8  Aviation  personnel  must  fly  in  MOPP  4  whenever  the  ground  for¬ 
ces  are  in  MOPP  1.  The  reason  for  this  policy  is  the  difficulty  in,  and  some¬ 
times  impossibility  of,  aviators  donning  protective  gear  in  time  to  prevent 
Impairment  or  death  while  flying  an  aircraft.  Aviators  aay  have  little  time 
to  don  protective  equipment  before  they  are  disabled  by  agents.  The  period  in 
which  aviation  personnel  are  expected  to  be  in  MOPP  and  to  continuously  wear 
the  NBC  protective  ensemble  may  be  from  2  to  12  hours.  If  properly  fitted, 
the  current  chemical  protective  clothing  does  provide  a  life-saving  function 
and  allows  aviation  missions  to  be  accomplished  at  some  degree  of 
effectiveness;  however,  numerous  problems  have  been  reported  that  severely 
degrade  human  performance.  The  reported  problems  with  the  current  NBC 
ensemble  have  highlighted  heat  stress,  but  they  also  include  restricted  move¬ 
ment  of  the  torso,  head,  legs,  and  arms;  a  lack  of  manual  dexterity;  a 
restricted  field  of  view;  optical  distortions  in  the  mask  lens;  the  inability 
to  eat  or  drink;  the  need  to  partially  remove  the  cloching  to  defecate;  the 
incompatibilities  with  aircraft  and  other  life-support  equipment;  and  dif¬ 
ficulty  in  safely  removing  contaminated  clothing.  Each  of  these  is  treated  in 
more  detail  in  the  following  paragraphs. 
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Figure  5.  Aviator  NBC  protective  clothing. 
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MOPP 

Overgarment 

Overboots 

Mask/Hood 

Gloved" 

0 

Carried 

Carried 

Carried 

Carried 

1 

Worn  open  or  closed 
based  on  temperature 

Carried 

Carried 

Carried 

2 

Worn  open  or  closed 
based  on  temperature 

Worn 

Cat  ried 

Carried 

3 

Worn  open  or  closed 
based  on  temperature 

Worn 

Worn  with  hood  open  or 
closed  based  on 
tempera  ture 

Carried 

4 

Worn  closed 

Worn 

Worn  with  hood  closed 

Worn 

Mask 

Option 

Carried 

Carried 

Mask  worn 

Carried 

Figure  6.  MOPP  levels. 

One  of  the  major  limitations  imposed  by  protective  clothing  is  related  to 
heat  s tress. 19-2^  The  current  chemical  threat  dictates  that  the  protective 
clothing  be  designed  and  constructed  so  that  it  will  prevent  chemical  agents 
from  penetrating  through  the  garment.  In  doing  so,  an  effective  barrier  is 
also  established  which  reduces  the  ability  of  the  human  body  to  dissipate  heat 
by  means  of  evaporation  and  convection.  The  net  effect  is  the  retention  of 
body  heat,  with  escallating  effects  such  as  fatigue,  weakness,  and  ultimately 
physiological  collapse  of  the  human.  Even  when  heat  stress  is  below  the  phy¬ 
siological  collapse  level,  It  can  cause  human  performance  decrements  in  tasks 
that  require  mental  performance,  manual  dexterity,  visual  attention,  tracking 
ability,  vigilance,  and  psychoraotor  performance. 

The  magnitude  of  the  reduced  human  performance  due  to  heat  stress  is 
dependent  on  the  Individual's  physical  condition,  the  level  of  activity  or 
workload,  and  the  amount  of  time  that  the  level  of  activity  is  maintained.  In 
general,  the  aviator's  workload  while  flying  an  aircraft  is  less  strenuous 
than  that  of  ground  troops  or  aviation  maintenance  personnel,  but  missions  of 
long  duration  without  rest  in  a  cool  or  sheltered  area  will  have  a  major 
impact  on  crew  performance.  This  will  be  especially  true  In  the  event  of 
surge  operations  where  the  threat  may  dictate  maximum  employment  of  aviation 
assets  for  a  72-hour  period.  Figure  7  provides  an  overview  of  what  can  be 
expected  of  physically  fit  young  soldiers  wearing  chemical  protective 
clothing. 25  fhw  predicted  percentages  of  heat  casualties  shown  are  based  on 
the  point  at  which  the  body's  core  temperature  reaches  a  value  where  the  human 
is  physically  incapacitated  to  a  degree  that  the  mission  cannot  be  completed. 
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Figure  t.  Predicted  time  to  50-percent  unit  heat  casualties. 


Avia  to is  ►'J.yit.g  ^.n  NBC  protective  clothing  (MOPP  4),  without  auxiliary 
cooling  in  a  closed  canopy  aircraft,  can  be  equated  to  the  closed  suit, 
moderate  work  rate,  •-  -,en  considered  in  the  context  of  a  typical  flight 
mission  conducted  in  <*  hot  climate  (above  85°F  WBGT),  performance  decrements 
within  2  hour.'  tusiy  t*  such  that  the  aviator  will  require  a  long  rest  in  a  coo 
environment  to  red  '  ate  after  each  flight. 2®»  ^ 

Plight  evaluations,  conducted  in  current  helicopters  found  that  aviators 
in  rtandard  MOPP  4  gear  are  less  mission-effective  when  heat  stressed.2^*  2^ 
Based  on  these  studies  most  acclimatized  aviators,  while  wearing  standard  NBC 
flight  gear,  ana  flying  in  extremely  hot  and  dry  environments,  can  complete 
one  or  two  consecutive  missions  without  suffering  from  heat  stress  providing 
they  drink  adequate  amounts  of  water. 

New  fabrics  are  under  development  for  use  in  NBC  garments  that  are 
expected  to  provide  oome  relief  from  heat  stress  but  not  completely  solve  the 
heat  stress  problem.  The  design  of  the  LHX  must  address  tiie  NBC  heat  stress 
problem  If  that  aircraft  is  to  be  effective  on  the  battlefield. 
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In  addition  to  the  heat  stress  problem  caused  by  individual  NBC  protective 
cLothing,  there  is  the  problem  of  incompatibility  with  crewstation  visual 
requirements,  flight  controls,  avionics  systems,  and  crewstation  controls  and 
displays.  The  aviator  NBC  mask,  for  example,  restricts  the  aviator's  fiord  of 
view.  When  wearing  the  NBC  mask,  pilots  have  reported  spatial  disorientation, 
depth  perception  problems,  and  reduced  visual  acuity.  In  addition,  the 
current  NBC  masks  and  aircraft  target  acquisition  displays  and  sighting 
systems  are  not  fully  compatible.  The  structure  of  the  lens  of  the  NBC  mask 
prevents  the  aviator  from  placing  his  eyes  as  close  to  the  targeting  optics  as 
he  can  under  normal  conditions.  As  a  result,  the  field  of  view  of  the  target 
area  is  reduced  and  full  use  of  the  weapon  system  is  impaired. 

The  NBC  overgarments,  boot3,  and  gloves  also  degrade  aviator  performance. 
When  aviators  dor.  their  standard  flight  gear  and  NBC  protective  clothing,  they 
are  restricted  from  easily  reaching  some  of  the  aircraft  equipment  switches 
and  controls. 22,  26-28  The  butyl  rubber  gloves,  for  example,  introduce  manual 
dexterity  and  tactile  sensitivity  problems.^®*  ^2  The  glove3  are  bulky,  espe¬ 
cially  when  worn  with  Nomex  flight  gloves,  and  retard  the  aviator's  ability  to 
feel  the  aircraft  controls  and  system  switches,  thus  requiring  the  aviator  to 
shift  his  gaze  inside  the  aircraft  to  find  the  appropriate  switch  before  acti¬ 
vating  it.  While  thi3  is  undesirable  in  any  aircraft,  it  becomes  extremely 
critical  in  a  singLe-crew  LHX. 

Taking  into  consideration  all  the  problems  discussed  above,  the  current 
individual  NBC  protective  clothing  does  provide  a  limited  capability  to  per¬ 
form  Array  aviation  missions  in  an  NBC  environment.  The  shortcomings 
associated  with  that  approach  (heat  stress,  aircraft  incompatibility, 
restricted  vision,  increased  stress  and  fatigue,  and  reduced  crew  performance) 
all  contribute  to  a  degraded  mission  capability  that  prevents  the  full  effec¬ 
tive  use  of  helicopters.  This  is  true  any  time  the  aircrew  is  forced  to  fly 
in  full  protective  gear,  even  when  not  exposed  to  actual,  chemical  agents. 

Those  shortfalls  need  to  be  alleviated  if  maximum  use  of  the  potential  capa¬ 
bilities  of  the  LHX  are  to  provide  the  increased  capability  required  to  meet 
the  threat  during  future  combat. 

(2)  Protective  clothing  improvements. 

(a)  Cooling. 

Heat  stress  is  the  major  shortccraing  associated  with  the  current  aircrew 
NBC  protective  clothing  systems.  The  options  available  to  alleviate  that 
shortcoming  are  to  provide  a  sealed  crew  station  that  does  not  require  protec¬ 
tive  clothing  to  be  worn,  to  modify  the  clothing  to  allow  the  aviator's  body 
heat  to  be  dissipatea,  or  to  provide  some  type  of  auxiliary  cooling. 
Modifications  to  the  NBC  protective  clothing  system  are  under  development  but 
they  are  not  expected  to  provide  significant  improvement  in  heat  stress  reduc¬ 
tion.  To  protect  the  individual  from  the  threat,  the  clothing  must  be 
designed  to  prevent  chemical  agents  from  penetrating  the  garment.  This  chemi¬ 
cal  agent  barrier,  in  turn,  decreases  the  rate  at  which  the  individual's  body 
heat  is  dissipated  through  evaporation  and  convection. 
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One  approach  to  providing  auxiliary  cooling  that  would  reduce  the  heat 
stress  problem  la  aircraft  would  be  to  cool  the  entire  cockpit  to  a 
temperature  level  below  the  75-degree  Fahrenheit  (°F)  wet  bulb  globe  tem¬ 
perature  (WBGT)  estaDlished  by  the  aircrew  standardization  committee.  The 
disadvantage  of  this  optlou  is  the  space  and  weight  of  a  unit  that  would  suf¬ 
ficiently  cool  the  crew  station.  Based  on  the  data  provided  in  the  LHX  TOD 
study,  the  weight  would  be  about  156  pounds. 

Another  solution  to  the  NBC  heat  stress  problem,  which  appears  to  have 
considerable  potential,  is  microclimate  conditioning  systems.  A  number  of 
such  microclimate  conditioning  systems,  which  operate  on  the  same  basic  prin¬ 
ciple,  are  under  development  (figure  8).  A  thin,  undergarment- like  body 
covering,  interlaced  with  a  series  of  hollow  channels  or  tubes,  is  worn  under¬ 
neath  the  normal  flight  clothing  or  fatigues.  Precooled  fluid  or  air  is  then 
passed  through  these  hollow  channels  to  provide  a  medium  for  heat  to  be  trans¬ 
ferred  from  the  body  to  the  cooling  medium. 


Figure  8.  Microclimate  cooling  vest. 
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During  laboratory  tests^*  38  of  different  llquid-cooLed  undergarments,  it 
was  reported  that  maximum  tooling  could  be  obtained  when  the  undergarment 
covered  the  torso,  head,  arms,  and  Legs.  However,  during  recent  flight  tests, 
a  vest-type  undergarment  that  provided  torso  and  some  head  coverage  was  suf¬ 
ficient  for  flight  missions.  Adequate  cooling  can  be  provided  for  unlimited 
time  durations.  The  disadvantage  is  that  these  systems  are,  for  the  most 
part,  restricted  to  use  Inside  or  in  close  proximity  to  a  vehicle  or  other 
fixed  facility.  An  electrical  power  source  is  needed  to  maintain  the  liquid 
or  the  air  at  the  proper  temperature  levels.  In  addition,  when  disconnected, 
the  vest  adds  an  additional  layer  of  clothing  that  could  contribute  to  heat 
stress. 

Field  and  laboratory  test3  have  been  conducted  in  which  men  in  MOPP  4  wore 
a  liquid-  or  air-cooLed  vest  during  simulated  missions  in  an  M-l  tank.3?» 

41  The  results  of  those  tests  confirm  the  potential  of  undergarment  cooling 
systems  for  vehicular  U3e.  During  the  M-l  test,  individuals  were  able  to 
complete  the  3  l/2-hour  mission  without  heat  stress  problems,  even  when  the 
internal  vehicle  temperature  reached  90°F  WBGT.  When  in  MOPP  4  and  wearing 
the  cooling  vest,  the  tank  crew  was  reported  to  be  able  to  maintain  a  high 
level  of  mission  effectiveness  with  little  or  no  increase  in  body  core 
temperature.  In  comparison,  similar  data  collected  with  the  individuals  in 
MOPP  4  without  the  cooling  ve3t  revealed  that  body  core  temperatures  rose 
rapidly,  mission  errors  were  detected  within  30  minutes  of  the  mission  start, 
and  mission  tolerance  ua3  limited  to  less  than  2  hours. 

During  the  UH-1H  flight  test  discussed  previously,  13  aviators  wearing 
standard  MOPP  4  garb  and  a  liquid-cooled  vest  were  able  to  complete  approxima¬ 
tely  4  hours  of  the  assigned  mission  with  no  sign  of  physiological  decrement 
due  to  heat  stress. 

The  estimated  cost,  weight,  and  power  for  a  two-aircrew  microclimate 
cooling  system  defined  in  the  Trade-Off  Determination  study  conducted  by  the 
U.S.  Army  Aviation  Systems  Command  (AVSCOM)  are  as  follows: 

--  Weight  »  92.5  lb 

--  Power  *  7  shaft  horsepower  (shp) 

--  Cost  -  $35,000.00 

Additional  efforts  are  in  process  to  further  reduce  the  weight  to  less  than  50 
lb  and  a  cost  near  $5,000.  Microclimate  cooling  systems  appear  to  be  one  of 
the  better  options  to  provide  cooLing  to  the  LHX  aircrew  when  flying  fully 
clothed  in  N3C  protective  gear.  The  system  could  also  provide  crew  cooling 
capabilities  and  increased  mission  effectiveness  when  operating  in  normal  com¬ 
bat  gear  (flight  suit,  armor  vest,  and  survival  vest)  in  high- tempera ture 
environments. 
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(b)  NBC  clothing  restrictions. 

The  other  major  shortfalls  of  NBC  protective  gear  included  restricted 
movement,  reduced  manual  dexterity,  restricted  field  of  view,  inability  to  eat 
or  drink,  and  Incompatibilities  with  the  aircraft  and  other  llfe-3upport 
equipment. 

Lightweight  NtiC  flight  suits  under  development,  if  successful,  should 
allow  the  aviator  a  little  more  freedom  of  movement.  Lightweight  gloves  could 
potentially  provide  better  manual  dexte  Ity  and  tactile  sensitivity  than  the 
gloves  currently  used.  The  aircrew  integrated  helmet  (figure  9),  which  is 
under  development,  is  also  expected  to  overcome  some  of  the  limitations  of  NBC 
protective  gear.  The  goal  is  to  Integrate  into  one  helmet  protection  for  the 
aviator  from  chemical  agents,  f lashblind^ess,  lasers,  and  acoustical  noise, 
and  head  impact  protection. 


Figure  9.  Aircrew  integrated  helmet. 
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These  new  protective  systems  will  do  much  to  alleviate  some  of  the  short¬ 
falls  in  current  NBC  equipment,  but  they  will  not  eliminate  enough  of  the 
problems.  The  LHX  design  concept,  for  example,  is  expected  to  use  a  helmet- 
mounted  display  system  to  provide  the  aviator  with  flight  and  target  acquisi¬ 
tion  information  without  him  looking  inside  the  crew  station.  The  electronic 
hardware  required  to  be  mounted  on  the  aviator's  helmet  is  not  necessarily 
compatible  with  the  integrated  helmet  now  under  development.  The  design  of 
the  LHX  can  have  a  considerable  impact  on  reducing  the  current  NBC  protective 
equipment  limitations.  Adequate  space  needs  to  be  provided  in  the  LHX  to 
allow  the  aviator  freedom  of  movement  when  wearing  not  only  NBC  gear,  but 
ballistic  armor  protection,  a  survival  vest,  and  cold  weather  clothing.  The 
manual  dexterity  limitations  imposed  by  NBC  gloves  can  be  reduced  by  proper 
design  and  placement  of  the  LHX  controls,  switches,  and  displays.  Attention 
must  also  be  paid  to  the  LHX  sighting  system  and  display  design  to  assure  they 
are  compatible  with  the  lens  of  the  NBC  protective  mask. 

One  method  to  alleviate  ail  the  shortfalls  discussed  above  would  be  to 
provide  the  aircrew  full  collective  protection. 

e.  Collective  Protection. 

The  fourth  approach  to  providing  NBC  protection  to  the  crew  of  the  LHX 
involves  the  use  of  collective  protection.  A  collective  protection  area  is 
one  that  shields  the  individual  from  the  outside  contaminated  environment  by 
means  of  a  structure  or  cover  (tent,  building,  or  aircraft  cockpit)  that  is 
sealed  and  maintains  a  positive  pressure  to  prevent  toxic  agents  from 
entering.  The  internal  environment  is  further  enhanced  by  the  use  of  filters 
that  remove  contaminants  from  the  air  and  environmental  conditioning  units 
that  maintain  the  air  at  the  proper  temperature.  The  advantages  of  such 
collective  protection  are  numerous.  They  allow  individuals  to  operate  at 
maximum  efficiency  by  providing  a  "shirt-sleeve"  environment.  If  the  LHX  were 
designed  to  provide  full  collective  protection  (filter,  air  heating  and 
cooling,  and  crew  station  positive  pressure)  during  flight,  human  performance 
and  the  probability  of  mission  success  in  the  NBC  environment  could  be  signi¬ 
ficantly  increased.  The  aircrew  would  no  longer  be  hampered  by  the  heat 
stress,  restricted  vision,  reduced  mobility,  and  manual  dexterity  problems 
encountered  in  current  protective  NBC  gear. 

Another  major  advantage  to  collective  protection  would  be  the  protection 
of  the  LHX  aircrew  during  an  initial  attack.  As  mentioned  earlier,  when  the 
theater  commander  orders  the  ground  troops  into  MOPP  1,  the  aircrew  will  fly 
in  full  MOPP  4.  The  commander's  decision  to  wear  NBC  protective  gear  will 
often  be  based  on  intelligence  reports  that  indicate  the  use  of  NBC  weapons  is 
expected.  If  the  intelligence  information  is  not  timely,  aircrews  in  flight 
could  be  caught  unprotected.  For  example,  if  the  use  of  NBC  weapons  were  to 
occur  without  prewarning  today,  aircrews  flying  without  NBC  protective  gear 
could  become  NBC  casualties.  The  net  result  may  very  well  be  the  loss  of  all 
exposed  aircraft  and  crews.  Such  a  loss  of  valuable  eviation  assets  at  the 
beginning  of  a  conflict  would  put  the  U.S.  forces  at  a  severe  disadvantage. 
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Considering  that  the  Warsaw  Pact  forces  outnumber  NATO  forces,  Army  aviation 
cannot  afford  to  be  placed  in  such  a  position.  If  aircraft  were  provided  full 
collective  protection,  that  problem  would  be  avoided. 

The  collective  protection  approach  to  NBC  defense  not  only  provides 
aircrew  protection,  but  provides  protection  to  the  crewstation  equipment, 
avionics,  controls,  and  display  systems.  Collective  protection  for  the 
crewstation  would  reduce  the  need  to  decontaminate  the  interior  of  the 
aircraft  by  eliminating  the  exposure  of  the  crew  compartment  to  chemical 
agents. 

The  collective  protection  approach,  like  all  other  NBC  protective 
measures,  is  not  without  disadvantages;  the  main  disadvantages  are  the 
penalties  associated  with  space,  weight,  power,  and  cost.  Applying  innovative 
engineering  design  should,  however,  reduce  these  penalties. 

A  second  disadvantage  of  collective  protection  is  the  probability  that  the 
aircraft  interior  could  still  become  contaminated.  This  could  occur  if  enemy 
gunfire  penetrates  the  aircraft,  when  the  aircrew  enters  or  leaves  the 
aircraft  while  in  a  contaminated  area,  or  when  the  landing  sites  are  hir  with 
chemical  agents  while  the  aircraft  doors  are  open. 

f .  LHX  NBC  Defense  Approach  Summary. 

Army  aviation  can  expect  to  encounter  a  formidable  NBC  threat  in  future 
conflicts.  The  Soviet  Union  and  the  Soviet-backed  forces  have  the  capability 
to  employ  a  vast  array  of  NBC  weapons  and  the  capability  to  protect  their  own 
troops  during  such  an  attack.  The  LHX  must  incorporate  design  features  that 
can  successfully  counter  that  threat.  The  four  N3C  defense  approaches  to  pro¬ 
tect  the  aircrew  from  the  NBC  threat  and  to  maintain  a  high  level  of  effec¬ 
tiveness  on  the  battlefield  include  contamination  avoidance,  medical  measures, 
Individual  protection,  and  collective  protection.  The  LHX  combat  and  materiel 
development  community  must  determine  hovj  to  optimally  use  each  NBC  defense 
approach  while  minimizing  the  shortcomings  of  each  approach. 

Contamination  avoidance  la  a  tactical  measure  that  can  be  advantageously 
used  when  time  and  the  combat  situation  permit.  To  enhance  that  advantage, 
the  LHX  design  needs  to  incorporate  detection  devices  that  will  provide  the 
aircrew  with  Information  concerning  NBC  contamination  in  their  immediate  area 
and  at  some  distance  away  from  the  aircraft.  Contamination,  however,  cannot 
always  be  avoided.  There  are  times  when  the  battle  conditions  will  require 
the  LHX  to  enter  contaminated  areas. 

Medical  measures  that  use  pre treatments  and  antidotes  to  counter  the  che- 
mlcai  threat  can  save  lives  and  reduce  casualties,  but  the  degradation  in 
human  performance  is  still  significant  and  will  reduce  mission  effectiveness 
on  the  battlefisld.  The  LHX  must  therefore  rely  on  other  measures  to  protect 
its  crewmembers. 

The  remaining  two  options  that  provided  the  best  overall  potential  for  the 
LHX  NBC  defense  are  collective  and  Individual  protection. 
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Collective  protection,  with  an  LHX  that  is  fully  sealed  and  pressurized  to 
prevent  contaminated  agents  from  entering  the  aircraft,  would  provide  a  Con¬ 
siderable  tactical  advantage.  Full  collective  protection  would  allow  person¬ 
nel  to  operate  in  normal  combat  clothing,  thereby  overcoming  the  performance 
decrements  imposed  by  protective  clothing.  In  addition,  collective  protection 
would  also  protect  the  avionics  and  other  systems  inside  the  aircraft  from 
destructive  agents  and  the  caustic  solutions  required  for  decontamination. 

The  collective  protection  system,  however,  cannot  assure  total  survival  on 
the  battlefield  if  enemy  fire  destroys  the  integrity  of  the  sealed  aircraft, 
if  an  emergency  landing  is  made  in  a  contaminated  area,  or  if  the  aircrew  or 
passengers  enter  or  exit  the  aircraft  in  a  contaminated  area. 

Current  protective  clothing  that  encapsulates  the  individual  in  an  NBC 
protective  suit  and  mask  provides  a  life-saving  capability  while  allowing  the 
individual  to  continue  to  operate  on  the  battlefield,  but  at  reduced  effec¬ 
tiveness.  A  considerably  reduced  level  of  effectiveness  will  not  be 
acceptable  on  the  battlefield  of  the  future. 

The  most  viable  solution  for  the  LHX  appears  to  be  a  hybrid  system  that 
provides  both  collective  protection  and  individual  protection.  Such  a  system 
would  allow  the  aircrew  to  opeiate  in  a  pressurized  aircraft,  partially  or 
fully  clothed  in  NBC  gear. 

When  the  Integrity  of  the  collective  protection  system  is  maintained  and 
the  crewatation  is  contamination  free,  the  aircrew  could  operate  in  partial 
NBC  gear.  When  approaching  a  known  contaminated  area  or  when  the  aircraft 
detectors  indicate  the  aircraft  is  in  a  contaminated  area,  the  mask  and  gloves 
could  be  donned  to  provide  full  protection.  This  approach  would  allow  maximum 
effectiveness  to  be  obtained  when  not  In  a  contaminated  area  as  well  as 
assured  protection  to  the  aircrew  when  in  a  contaminated  area. 

For  this  concept  to  work,  NBC  agent  detectors  must  be  located  to  detect 
agents  both  inside  and  outside  the  aircraft.  The  aircrew  would  then  be  able 
to  tell  when  they  are  in  a  contaminated  area  and  whether  the  contamination  has 
penetrated  the  crewstation.  Standoff  remote  detection  that  would  warn  the 
aircrew  before  a  contaminated  area  Is  entered  would  be  best. 

A  cooling  system  must  also  be  incorporated  into  the  crew  station  to  pro¬ 
vide  adequate  cooling  for  the  aircrew  while  in  full  NBC  protective  gear.  The 
type  of  cooling  used  (environmental  cooling  system  or  microclimate  cooling 
vest)  would  depend  on  the  technology  to  produce  adequate  cooling  at  the  least 
cost,  weight,  and  power  penalty.  The  AVSCOM  LHX  TOD  study  Indicates  that  a 
hybrid  system  best  fits  that  need.  The  cooling  capacity  should  meet  the 
requirements  for  the  comfort  zone  defined  In  Military  Standard  (MIL -STD)  1472. 

In  addition,  the  LHX  crewstation  design  must  incorporate  features  that 
alleviate  the  other  restrictions  and  workload-producing  problems  associated 
with  NBC  protective  clothing,  like  limited  visual  capabilities,  reduced 
freedom  of  movement,  and  manual  dexterity  and  tactile  sensitivity  degradation. 


a-ix-27 

UNCLASSIFIED 


UNCLASSIFIED 


The  crewctation  coaf iguracion  and  the  design  of  the  controls  and  displays 
should  provide  adequate  room  and  spacing  for  the  aviators  to  operate  the  LUX 
when  attired  in  NBC  clothing  and  other  life-support  equipment. 

4.  DETECTION. 

a.  General. 

The  success  of  the  contamination  avoidance  and  the  use  of  protective 
equipment  as  viable  options  for  NBC  defense  are  based  on  the  assumption  that 
aviation  personnel  can  identify  the  location  of  contaminated  areas  quickly. 
Contamination  cannot  be  avoided  if  its  location  is  not  known.  The  effec¬ 
tiveness  of  NBC  protective  gear  is  dependent  on  the  soldier  being  warned  earLy 
enough  to  don  his  NBC  gear  before  exposure  to  agents. 

To  determine  if  an  NBC  attack  Is  about  to  occur  or  has  occurred  and  to 
identify  areas  that  have  already  been  contaminated,  detection  equipment  must 
be  provided  that  allows  for  the  detection  of  agents  or  contamination,  pre¬ 
ferably  at  a  distance  well  ahead  of  the  aircraft  or  ground  units.  Also,  the 
aircrew  will  need  the  NBC  intelligence  provided  by  other  systems.  The  need 
for  detecting  an  NBC  environment  cannot  be  over-emphasized.  It  is  the  back¬ 
bone  of  any  NBC  protection  system.  If  the  commander  knows  when  an  attack  has 
occurred  and  how  long  the  area  in  which  his  troops  are  operating  will  be  con¬ 
taminated.  he  can  more  effectively  conduct  the  battle. 

The  ’.deal  NBC  detection  system  would  be  one  that  possesses  the  general 
capabilities  to  allow  the  user  to  accomplish  the  task  shown  in  figure  10.  One 
of  the  LHX  mission  assignments  is  NBC  reconnaissance.  Contamination  detection 
is  therefore  important  ,to  the  LHX  from  the  standpoint  of  self-pxocection,  pri¬ 
mary  mission  effectiveness,  and  support  of  other  elements  of  the  combined  arms 
team. 


o  Using  standoff  detectors  to  remotely  monitor  the  presence,  type, 
and  levels  of  contamination  in  a  specific  area. 

o  Detect  and  identify  all  possible  NBC  threat  agents  or  radiation 
components. 

o  Determine,  quantitatively,  the  density  or  dose  rate  of  the 
contaminant  and  the  level  accumulated  over  time. 

o  Detect  and  measure  agent  concentrations  at  the  ..owest  level  that 
degrades  human  performance. 


Figure  10.  Ideal  NBC  detector  qualities. 
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b.  Chemical  Agent  Detection. 

When  considering  the  current  chemical  agent  detection  systems,  there  are 
four  classes  of  chemical  agents  that  are  considered  a  threat  to  aviation  units 
in  the  f ield--nerve,  blister,  blood,  and  choking.  Each  has  a  unique  effect  on 
humans,  depending  on  the  type  and  levels  of  concentration  (figure  2).  The 
current  chemical  agent  detection  devices  now  available  to  counter  the  threat 
are  shown  in  figure  11. 

A.  review  of  the  capabilities  of  current  chemical  agent  detectors  indicates 
that  they  do  not  fully  meet  the  needs  of  Array  aviation.  There  are  currently 
no  chemical  detection  systems  designed  specifically  for  aircraft.  Current 
devices  are  all  point  detection  types  and  do  not  provide  standoff  detection  of 
agents;  each  must  be  in  direct  contact  with  the  agent  before  it  works. 

Early  chemical  agent  detection,  which  Is  Important  to  ground  units,  is 
even  more  important  for  aviators  in  flight.  Ground  units  can  place  point 
alarm  devices  upwind  and  thereby  receive  an  advanced  warning  when  chemical 
agent  clouds  are  moving  toward  them.  Aircraft  in  flight  have  no  such  advanced 
warning.  Aviation  personnel  in  flight  must  take  the  precautionary  measure  of 
flying  in  NBC  protective  clothing  when  the  potential  for  chemicaL  attack 
exists.  If  this  is  done,  mission  effectiveness  will  be  adversely  affected  as 
discussed  earlier.  The  aviator's  choices  are  somewhat  limited:  (1)  provide 
maximum  NBC  protection  at  the  expense  of  overall  mission  effectiveness  or 
(2)  take  the  chance  that  NBC  weapons  will  not  be  used  during  a  given  mission 
and  fly  without  protective  clothing.  A  system  that  provides  advanced  warning 
of  the  chemical  threat  would  do  much  to  reduce  thi3  dilemma  and  to  improve 
aircrew  effectiveness. 
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Devices 

Operational  Use 

Minimum 
Concentra  tion 
Measured 

Limitations 

M-8  paper 

Chemical  detector 
paper  changes  color 
with  agent  contact. 

Liquid  droplets 
bordering  on 
the  visual 
range. 

o  Point  detector, 
o  Only  detects  liquids, 
o  Decontamination 
solutions  produce 
false  alarm. 

H18A2 

Detects  nerve, 
blood,  and  blister 
agents . 

Extremely  low 
vapor 

concentra  tions . 

o  Point  detector, 
o  Requires  trained 
operator. 

o  Slow  response  time. 

M43 

chemical 

agent 

automatic 

alarm 

Battery-opera  ted 
unit  continuously 
monitors  air  pulled 
through  it  and  pro¬ 
vides  an  automatic 
alarm  for  concen¬ 
trations  of  nerve, 
blood,  and  choking 
agents. 

Liquid  and 
vapor.  0.1  to 
1.0  mg/m3. 

o  Point  detector, 
o  Wet  chemical  system, 
o  Twelve-hour  servicing 
period. 

o  Response  time  slow, 
o  Blister  agent  not 
de tec table. 

M13 

Bags  with  dye  that 
change  color  upon 
agent  contact. 
Detects  nerve  and 
blister  agents. 

Not  applicable. 

o  Point  detector, 
o  Only  detects  nerve 
and  blister  agents. 

M256 

Lightweight, 
portable  unit 
detects  nerve, 
blister,  and 
blood  agents. 

Gas/vapor  aero¬ 
sols  .03  to 

9.0  mg/m^. 

o  Does  not  detect 
choking  agents, 
o  Requires  10-15  minutes 
of  exposure  and  test 
time. 

M9  liquid 
agent 
detector 
paper 

Chemical  detector 
paper  detects  nerve 
and  blister  agents. 

Liquid  droplets 
of  100-micron 
size. 

o  False  response  If 

exposed  to  lubricants, 
gasoline,  and 
decontaminants. 
o  Point  detector, 
o  Liquid  only, 
o  Does  not  detect  chok¬ 
ing  or  blood  agents. 

Figure  il.  Current  chemical  agent  detectors. ^*7 ,  48 
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Another  problem  with  chemical  agent  detectors  involves  the  type  of  agents 
detected.  serve  agents  can  be  detected  by  all  of  the  devices  in  figure  11. 
Blister  a  :s  can  be  detected  by  the  M255  ,  M13A2,  M9 ,  and  M13  devices  and  the 
M8  paper.  blood  agents  can  be  detected  by  using  the  M256,  the  M18A2,  and  the 
M43.  Choking  agents  can  be  detected  only  by  using  the  M43  system.  Thus,  the 
problem  is  one  of  logistics,  having  the  best  detector  at  the  right  place  at 
the  right  time.  An  integrated  detector  that  could  be  used  to  measure  all 
chemical  agent  groups  would  certainly  be  beneficial. 

A  number  of  developmental  programs  have  been  initiated  to  overcome  the 
deficiencies  of  chemical  agent  detectors.  Some  of  these  are  shown  in  figure 
12.  As  shown  In  this  figurj,  the  chemical  agent  detectors  now  in  development 
appear  to  be  an  improvement  over  those  currently  in  the  field,  but  they  still 
fall  short  of  meeting  the  requirements  for  the  LHX.  Most  are  point  detectors 
that  require  placement  in  the  contaminated  area.  Each  i?  limited  to  detecting 
one  or  a  few  agents  but  does  not  detect  all  threat  agents.  The  XM21  remote 
sensing  chemical  agent  alarm,  which  is  expected  to  be  fielded  in  1989,  should 
provide  some  remote  detection  capability  from  a  stationary  position.  Planned 
improvements  of  the  XM2L  are  expected  to  make  it  a  viable  option  for  the  LHX. 
In  addition,  the  concept  of  a  ground  detector  that  would  detect  agents  on  the 
aircraft  skin  as  it  approaches  a  FARP  or  landing  area  is  being  investigated. 
Chemical  and  biological  sensors  using  mass  spectrometry  for  point  sampling  aud 
active  infrared  (IR),  laser,  microsensor  technology  for  remote  detection  are 
envisioned  for  the  1990s,  but  they  are  still  in  the  early  laboratory  and  con¬ 
cept  study  phases. 

Chemical  detection  devices  available  in  the  invcr’.orv  and  those  under 
development  do  not  provide  all  the  detection  necessary  for  future  aircraft. 
They  do,  however,  provide  3ome  detection  capability  that  would  enhance  the  LHX 
on  the  battlefield.  The  LHX  design  should  therefore  minimally  Include  point 
detection  capabilities  both  inside  and  outside  the  aircraft,  .and  provisions 
should  be  made  to  incorporate  remote  detection  systems  when  they  are 
available. 
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Device 

Operational  Use 

Limitations 

M256E  Chemical 
Agent  Detector 

Portable  kit  to  detect  gas, 
vapor,  and  aerosols  of  nerve, 
blister,  and  blood  agents  at 
lower  levels  than  the  M256E. 

o  Point  detector, 
o  Long  response  time. 

0  Does  not  <le  t  :c  t 
choking  agents. 

M43A1  Detector 

Battery-opera  ted;  continuously 
monitors  vapor  and  aerosol  nerve 
agents.  Has  automatic  alarm. 

o  Point  detector, 
o  Doe3  not  detect 
blister,  blood,  or 
choking  agents, 
o  Does  not  identify 
agent  type. 

XM22  Automatic 
Chemical  Agent 
Detector  Alarm 
(ACADA) 

Man-portable;  automatic  a  la  nit 
detects  nerve  and  blister 
agents. 

1 

o  '5  >lnt  detector, 
o  Does  not  detect  blood 
or  choking  agents. 

XM85/XM86  Auto¬ 
matic  Liquid 
Agent  Detector 
(ALAD) 

Detects  droplets  of  nerve  and 
blister  agents. 

o  Not  quantitative, 
o  Only  measures  liquid 
contaminants, 
o  Does  not  detect  blood 
or  choking  agents. 

Chemical  Agent 
Monitor  (CAM) 

Hand-held,  man-operated  micro¬ 
processor  system  that  monitors 
people  and  equipment.  Detects 
nerve  and  blister  agents. 

o  Point  detector, 
o  Long  time  period, 
o  Does  not  detect  chok¬ 
ing  or  blood  agents. 

Multipurpose 
Integra  ted 
Chemical  Agent 
Detector 
(MICAD) 

Used  in  vehicles  and  aircraft 
with  collective  protection 
sys  terns. 

o  Point  detector. 

XM21  Remote 
Sensing  Chemi¬ 
cal  Agent  Alarm 
(SCI-RE/.CH  I) 

Detects  nerve  agent  clouds  up  to 

3  miles  by  IR  detection 
techniques. 

o  Must  remain 
stationary, 
o  Limited  to  nerve 
agents. 

USAF  A/230-3 

Sys  tem 

Automatic  alarm  for  nerve  agents 
in  vapor  form. 

o  Nerve  agent  only, 
o  Point  detector, 
o  Vapor  only. 

Figure  12.  Potential  future  chemical  agent  detectors. ^ 
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c.  Nuclear  Defection. 

The  current  nuclear  radiation  detection  systems  suffer  from  some  of  the 
same  deficiencies  as  the  chemical  detection  systems.  There  are  four  basic 
components  that  have  a  detrimental  effect  on  humans.  Those  components,  along 
with  the  dosage  levels  that  are  presently  considered  detrimental  to  humans, 
are  listed  in  figure  1.  The  current  radiation  detection  devices  available  to 
detect  radiation  and  their  overall  capabilities  are  shown  in  figure  13.  A 
review  of  figures  i  and  13  clearly  points  out  the  deficiencies  in  current 
detection  devices. 


Device 

Operational  Use 

Minimum 

Concentration 

Measured 

Limita  tions 

AN/PDR-27 

Radiac 

Sec 

(Geiger 

Counter) 

Portable  ground  use 
unit.  Measures 
dosage  rate  of 
gamma  radiation. 
Monitors  contamina¬ 
tion  of  personnel, 
food ,  and 
equipment. 

0-500  milli  cGY 
for  gamma. 
Detects  beta. 

o  Does  not  measure 

neutrons „ 

o  Point  detector, 
o  Requires  individual  to 
be  at  contaminated 

source. 

IN- 174 A/ 

PD 

Portable  electronic 
aerial  and  ground 
monitoring  and  sur¬ 
vey  unit.  Measures 
dosage  rate  of 
gamma  radiation. 

0-500  cGY . 

o  Does  not  measure 
neutrons. 

o  Point  detector, 
o  Required  individual  to 
be  in/near  contami¬ 
nated  area, 
o  Data  reliability 
reduced  at  ground 
speeds  above  53  knots 
or  higher  than 

150  meters  above  the 
ground.  Requires  that 
an  air-to-ground 
adjustment  correlation 
factor  be  established. 

IM-9  3/'JD 

Pocket  dosimeter. 
Measures  total 
accumulated  dosage 
of  individual  gamma 
radia -ion 
(failout) . 

0-600  cGY. 

o  Does  not  measure 
initial  gamma  or 
neutron  radiation, 
o  Point  detector  for 
personal  use  only. 

Figure  13.  Tactical  nuclear  radiation  detection  system. 35 
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(1)  None  of  the  current  devices  are  capable  of  measuring  neutron 
radiation.  Neutron  radiation  is  considered  to  be  a  very  important  factor  on 
the  battlefieLd,  particularly  if  enhanced  radiation  weapons  are  deployed. 

(2)  All  three  radiation  detectors  are  point-type  detection  devices. 
Ihese  detectors  must  be  physically  located  within  the  contaminated  area  and, 
for  the  m03t  part,  will  require  manual  opi-ation.  Thus,  the  human  operator 
will  be  exposed  to  the  adverse  effects  of  nuclear  radiation  while  conducting 
contamination  surveys.  The  disadvantages  of  this  technique  are  obvious. 

(3)  The  current  detection  devices  are  also  deficient  when  attempting 
to  detect  and  plot  nuclear  fallout  so  that  warning  can  be  provided  to  friendly 
forces  in  its  path.  Some  type  of  automatic,  standoff,  radiation  detection 
device  is  required  that  would  allow  units  to  monitor  nuclear  raaiation  levels 
without  entering  the  contaminated  are3. 

Hopefully,  new  equipment  will  ease  some  of  the  current  problems  (figure 
14).  The  AN/AOR-6  Aerial  Rudiac  System  under  development  is  expected  to  have 
the  capability  to  automatically  record  gamma  radiation  levels  while  in  flight. 
This  wil.L  be  far  superior  to  tiie  current  method  that  requires  an  individual  to 
be  placed  on  the  ground  to  measure  radiation  levels.  This  system  will  par¬ 
tially  solve  the  problem  of  automatically  gathering  data,  but  the  device  is 
still  a  point  detector  that  requires  the  aircraft  to  fly  into  the  contaminated 
area. 
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Device 

Range 

Operational  Use 

Limi ta  tions 

AN /ADR -6 

1-1,000  cGY /hr 
ground  dose 
rate. 

Used  in  aircraf  t 
for  aerial  surveys. 

* 

o  Point  detector, 
o  No  horizontal 
standoff  capa¬ 
bility.  Gamma 
only. 

AN/VDR-2 
Tactical , 
Vehicular 
Radiac 

0.1  ralili  to 
1,000,  cGY/hr. 

Replaces  AN/PDR-2? 
and  IM-174A/PD. 

o  Point  detector, 
o  No  standoff 
capability. 

Integrated 

Optical 

Nuclear 

Detouu  tlon 
Detec  tion 

Sys  tem 
( IONDS ) 

NA 

Provides  standoff 
capability  for 
location,  yield, 
and  fallout 
prediction. 

o  Does  not  measure 
radiation  levels. 

IM-185 

Dosimeter 

0-600  cGY. 

Pocket- type 
dosimeter. 

Measures  individual 
accumulation  of 
gamma  and  neutron 
radiation. 

o  Point  detector, 
o  Limited 

distribution. 

DT-236 
Individua 1 
Dosimeter 

0-1,000  cGY . 

Provides  cumulative 
dose  of  gamma  and 
neutron  radiation. 

o  Requires  a  dedi¬ 
cated  mechanical 
reader. 

Pocke  t 

Radiac 

1  mill!  cGY/hr, 
to  1,000  cGY/hr, 
600  cGY  total 
dose . 

Pocket  dosimeter/ 
survey  3nd  monitor. 

o  Point  detector. 

Advanced 

Airborne 

Radiac 

Sys  tem 
(AARS) 

0  to  1,000 
cGY  /  hr. 

Used  in  aircraft 
and  RPVs  for  aerial 
surveys,  automatic 
data  (link  to 
ground). 

o  Point  detector, 
o  Limited 

dis  tributiou. 

Figure  14.  Potential  future  nuclear  radiation  detection  devices. 
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The  tactical  and  vehicular  radiac  device  (AN/VDR-2)  which  is  now  in  the 
developmental  phase  may  be  of  help  when  fielded.  That  system  hopefully  will 
improve  present  capabilities  and  will  provide  a  means  to  measure  low  levels  of 
gu  nma  and  beta  radiation.  Rut,  like  all  previous  devices,  it  is  still  .1 
point- type  detection  system. 

One  system  that  should  provide  a  3tandoff  detection  capability  is  the 
IONDS  which  is  under  development.  This  system  is  supposed  to  detect  and  plot 
a  nuclear  hurst  and  automatically  send  a  warning  to  the  corps  headquarters. 

It  does  not,  however,  measure  radiation  levels. 

Other  approaches  that  are  being  explored  to  provide  standoff  radiation 
detection  capabilities  involve  the  use  of  lasers  and  solid-state  imaging  tech¬ 
niques.  Systems  based  on  these  technologies,  if  successful,  may  be  available 
In  the  late  1990s. 

A  couple  of  possibilities  ire  on  the  horizon  for  personnel  dosimeters. 

For  example,  the  Itl-185  dosimeter  will  measure  both  gamma  and  neutron 
radiation  doses  at  the  necessary  minimum  levels  and  should  be  fielded  soon. 

In  addition,  the  US  Army  has  recently  type-classified  the  DT-236  individual 
dosimeter  to  be  worn  on  the  wrist  that  will  measure  both  gamma  and  neutron 
doses . 

Currently  available  nuclear  detection  devices  should  be  considered  for 
Incorporation  into  the  LUX.  The  future  development  of  nuclear  detection 
systems  should  be  followed,  and  those  systems  should  be  Incorporated  into  the 
LUX  when  available. 

d.  Biological  Agent  Detection.  Current  doctrine  for  field  detection  of  a 
biological  attack  depends  entirely  on  human  observation.  Exact  identif ication 
currently  requires  a  complex,  medical,  laboratory- type  assessment  that  preclu¬ 
des  normal  field  use  and  may  even  be  impossibls  in  field  laboratories. 
Currently,  the  only  warning  or  detection  of  biological  agent  use  Is  when  an 
unusual  number  of  animals  or  humans  become  sLck.  The  major  problem  is  the 
lack  of  a  biological  agent  measurement  technique  or  device  that  meets  the 
requirements  for  field  use.  There  are  a  number  of  ongoing  efforts  to  resolve 
this  problem.  Figure  15  lists  the  ongoing  efforts  at  tills  time. 


Sya  tern 


Approaches 


S  tatus 


Biological  Remote  Sensing  Detects  clouds  at  a  distance 
Alarm  through  laser  fluorescent 

techniques. 


Explora  tory 
development. 


Advanced  Biological 
Detection  Warning  and 
Conformation  System 
( ABPMCS ) 


Detects  biological/ toxins 
using  a  system  of  point 
de  tec  tors . 


Concept 
explora  tion. 


Figure  15.  Potential  future  biological  agent  detectors. 
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Considering  the  LHX  development  schedule,  it  does  not  appear  that  effective, 
aircraft-mounted,  biological  agent  detectors  will  be  available  at  the 
beginning  of  the  full-scale  development  phase.  Provisions  should  be  made, 
however,  for  incorporating  biological  agent  detection  in  the  LHX  at  a  later 
da  te . 


Detection  Summary. 

NBC  weapons  are  expected  on  the  future  battlefield  in  relatively  large 
numbers.  Army  aviation  must  be  prepared  to  tight  in  that  environment.  NBC 
detection  and  warning  systems  are  vital  to  the  success  of  not  only  the  LHX  in 
the  NBC  environment,  but  the  rest  of  the  combined  arms  team  as  well.  If  the 
LHX  crew  is  not  provided  with  a  detection  capability,  they  will  not  know  which 
areas  of  the  battlefieLd  are  contaminated  and,  therefore,  must  fly  in  full  NBC 
gear  when  the  use  of  NBC  weapons  is  suspected  or  exists  in  the  battle  area. 

In  addition,  when  the  LHX  returns  to  a  Landing  area  or  a  forward  arming  and 
refueling  point  (F4RP),  the  ground  crew  must  assume  the  aircraft  is  con¬ 
taminated  and  treat  it  appropriately.  The  capability  of  the  LHX  to  perform 
reconnaissance  missions  will  also  be  severely  limited  without  onboard  detec¬ 
tors.  With  NBC  detectors  on  board  the  LHX,  the  crew  can  fly  in  partial  NBC 
protective  gear,  thereby  increasing  the  probability  of  mission  success.  The 
reconnaissance  mission  can  be  better  accomplished,  and  the  ground  crew  will 
have  some  indication  of  whether  the  aircraft  is  dirty  or  clean  before  it 
lands. 

NBC  detection  devices  available  in  the  inventory  and  those  under  develop¬ 
ment  do  not  currently  meet  all  the  requirements  necessary  to  counter  the 
threat.  The  need  still  exists  for  a  better,  all-encompas3ing  NBC  detection 
system  that  will  provide  prewarning  at  sufficient  distances  to  allow  aviation, 
as  well  as  ground  personnel,  to  take  evasive  and  protective  action.  Until  •« 
standoff  detection  system  is  developed  to  meet  that  requirement,  che  LHX 
design  should  consider  the  utilization  of  current  and  proposed  detection 
devices  to  provide  the  best  interim  detection  system.  That  system  should 
minimally  include  point  detection  devices  both  inside  and  outside  the 
aircraft.  The  outside  detector  should  alert  the  aircrew  when  they  have  flown 
into  a  contaminated  area,  identify  the  type  of  contamination,  and  measure  the 
agent  concentration.  The  inside  detector  should  provide  a  similar  alert  and 
display  accumulated  dosage  levels  when  contamination  enters  the  aircraft  crew 
station,  troop  compartment,  or  maintenance  areas.  The  aircrew  could  then  take 
the  appropriate  action  to  protect  themselves  and  to  provide  a  warning  to  the 
rest  of  the  combined  arms  team.  Limited  testing  has  indicated  that  the  use  of 
current  cheraicaL  point  detectors  can  operate  from  an  aircraft  in  flight.-* 

Additionally,  programs  to  provide  the  LHX  with  a  standoff  detection  capa¬ 
bility  should  be  given,  a  high  priority  and,  during  the  LHX  full-scale  develop¬ 
ment,  the  aircraft  design  should  Include  provisions  to  incorporate  standoff 
detection  systems  when  they  are  available. 
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5.  DECONTAMINATION. 

a.  General.  One  more  NBC  problem  area  that  needs  to  be  addressed  l?  that 
of  decontamination.  The  Warsaw  Pact  nations  presently  hold  an  advantage,  in 
the  number  of  troops  and  equipment,  over  the  0.S.  and  NATO  for  .es  Iri  Europe. 
Because  of  our  disadvantage,  all  equipment  contaminated  by  NBr  weapons  mu?jt, 
at  some  time,  be  decontaminated  and  returned  to  combat  as  quickLy  as  possible. 
Consequently,  aviation  units  and  individual  aircraft  require  some  means  of 
decontamination.  The  effectiveness  of  present  decontamination  methods 
available  for  aviatLon  equipment  and  personnel  is  not  sufficient  to  meet  tha 
future  threat.  Aviation  units  are  afforded  some  decontaraina tion  capability 
but  not  sufficient  enough  to  meet  what  is  expected  on  the  battlefield  of  the 
futu  re. 

b.  Nuclear  Decontamination.  The  threat  imposed  by  nuclear  radiation 
normally  takes  the  form  of  radioactive  particles  that  become  Imbedded  or 
attached  to  debris  disbursed  by  the  initial  blast,  including  particles  of  dust 
and  dirt.  The  fallout  of  this  debris  covers  terrain,  equipment,  and  humans. 
Nuclear  decontamination  can  be  accomplished  by  three  means--aging,  sealing,  or 
removing.  Aging  Is  simply  a  matter  of  waiting  until  the  level  of  radio¬ 
activity  has  naturally  dissipated  to  a  level  that  is  no  longer  harmful  to 
humans.  The  sealing  technique  is  one  of  covering  the  radioactive  contamina¬ 
tion  with  a  substance  Like  dirt  or  asphalt  to  contain  the  radiation  and  to 
prevent  it  from  reaching  and  affecting  personnel.  Removing  radioactive 
material  from  equipment  Is  accomplished  by  washing  or  vacuuming  the  con¬ 
taminated  item.  Generally,  the  inside  of  the  vehicle  can  be  vacuumed  while 
the  exterior  is  cleaned  with  air  or  water  dispensed  from  high-pressure  hoses. 
The  major  problem  in  using  these  approaches  with  vehicles  is  that  they  are 
cine-consuming  and  Labor-Intensive.  Additionally,  whet;  water  is  used,  n  large 
supply  must  be  available  on  or  near  the  battlefield.  The  waste  or  contami¬ 
nated  water  and  material  must  be  coll  sc  tel  and  disposed  of  by  burying  it. 

c.  Chemical  Decontamination. 

Chemical  decontamination  can  also  be  accomplished  by  removal, 
neutralization,  weathering,  or  sealing.  The  types  of  equipment  or  kits 
available  for  applying  these  techniques  are  listed  in  figure  16. 

As  shown  In  figure  16,  numerous  problems  exi3t  when  using  current  decon¬ 
tamination  equipment  or  kits.  The  current  chemical  decontaminants  DS2  and  STB 
are  corrosive  and  will  remove  the  paint  or  protective  IR  costing  from 
aircraft,  can  destroy  the  electrical  and  avionics  equipment,  aircraft 
materials,  and  will  effect  the  visual  properties  of  aircraft  canopies.  In 
addition,  these  chemicals  necessitate  special  handling  and  storage  and  require 
the  user  to  wear  protective  clothing.  This  leaves  aviation  mlts  with  the  oLd 
standby  of  soap  and  water  or  the  standard  aircraft  cleaner.  Soap  and  water 
remove  surface  con tamina tion  on  equipment  and  will  neutralize  some  agents  with 
time.  It  may  be  of  some  help  on  the  outside  of  the  aircraft  but  cannot  decon¬ 
taminate  the  aircraft  crews ta tion  or  the  avionics  and  electronics  equipment 
areas.  Another  method  for  decontamina tion  is  aging.  With  tine,  most  chemical 
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Device 

Operational  Use 

Limitations 

Mil  Decontaminating 
Sys  terns 

Lightweight  portable 
system  used  to 
decontamina te  equip- 
aent  exposed  to 
liquid  blister, 
nerve,  or  biological 
agents . 

o  Jses  DS2,  a  corrosive 

material  when  applied  to  some 
metals  and  plastics, 
o  Combustible, 
o  Time-consuming, 
o  Large  quantities  required  for 
full  decontamination, 
o  User  must  wear  protective 
clothing, 
o  Exterior  only. 

STB 

(Decontamina  tion 
Agent) 

Used  on  equipment. 
Decontamina tes  all 
chemical  agents  and 
spores. 

o  Reacts  violently  with  liquid 
nu3tard  agents, 
o  Combustible, 
o  Corrosive  to  most  metals, 
o  Damages  most  fibers, 
o  Large  quantities  required, 
o  User  must  wear  protective 
clothing. 

DS2 

(Decontamina  tion 
Agent) 

Used  on  equipment. 
Decontaminates  all 
chemical  agents. 

o  Corrosive  to  airframe  and 
plexigluss. 

o  Large  quantities  required, 
o  User  must  wear  protective 
clothing. 

M12A1  Power-Driven 
Decontamina  tion 
Device 

Power-driven 
apparatus  used  for 
equipment  decontami¬ 
nation  or  personnel 
showering.  Can  be 
used  on  aircraft 
with  soap  and  water. 

o  Large  amounts  of  water 
needed. 

o  Labor-intensive, 
o  Large,  truck-mounted,  300- 
gallon  device  (2  1/2-tort 
truck) . 

o  Limited  to  field  use. 
o  Exterior  only. 

M13  14-Liter 

Portable 

Decontamina  tion 
Appara  tu  s 

Manually  operated 
device  that 
dispenses  standard 
chemical  agent 
decontamina  ting 
solution  ( DS 2 ) . 

o  DS2  is  corrosive, 
o  Limited  volume, 
o  Exterior  use  only, 
o  Personnel  must  wear  protec¬ 
tive  clothing, 
o  Time-consuming. 

Figure  13.  Chemical  decon l «mina tioa  materials  and  equipment. ^ ^ 
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agents  will  dissipate.  This  decontamination  method  would,  however,  require 
that  individuals  who  fly  or  work  around  the  aircraft  to  be  'ally  protected 
until  the  agent  has  dissipated.  New  approaches  to  decontamination  are 
required.  At  the  present  time,  there  is  no  completely  adequate  method  for  the 
decontamina tion  of  Army  aircraft. 

Both  the  U.S.  Army  and  the  U.S.  Air  Force  are  working  on  the  development 
of  new  decontamination  systems  (figure  17)  that  may  be  applicable  to  the  LUX 
when  they  are  fielded. 


Device 

Operational  Use 

Limitations 

XM17  Lightweight 
Decontamina  tion 
System  (Sanator) 

High-pressure,  power-driven 
hot  water/steam  system  can 
be  used  to  dispense  water- 
soluble  decontaminating 
solutions. 

o  Large  amount  of  water 
needed. 

o  Weighs  360  lb. 
o  Exterior  only. 

XMld  Skid-Mounted 
Decontamina  tion 
Appara  tus 

Power-driven,  high-pressure 
steam  can  be  used  for  the 
dispersion  of  super  tropical 
bleach  (STB)  or  German  C-3 
Emulstion. 

o  Time-consuming, 
o  Large  amount  of  water 
needed. 

o  Mounter  on  a  5- ton 
truck. 

o  STB  is  corrosive  on 
aircraf  c. 

o  Labor-intensive, 
o  Exterior  use  only. 

C-3  emulsion 

Decontamination  of  chemical 
and  biological  agents. 

o  Large  amounts  of 
water. 

o  Exterior  only, 
o  Labor-intensive. 

XM15  Interior 

Surface 

Decontamina  tion 
( ISDS  ) 

Portable  (57-lb)  unit  that 
provides  high- tempera ture 
airstream  that  vaporizes 
liquid/ surf ace  contamination 
compatible  with  aircraft 
interiors. 

o  Heavy  for  onboard 
storage  on  LHX. 
o  Small  capacity. 

Figure  17.  Equipment  decontamination  systems  under  development.^  * 
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The  XM17  and  XM18  systems  are  dependent  on  the  use  o*  not  water  ind  steam. 
Both  require  a  readily  available  soiree  of  water.  In  addition,  the  XM-13  is 
relatively  heavy  and,  therefore,  has  limited  mobility.  The  contaminated 
aircraft  must  be  brought  to  the  decontamination  device  at  some  predetermined 
loca  ti on . 


The  XM15  system  uses  a  stream  of  hot  air  to  decontaminate  equipment  and  is 
somewhat  smaller  in  size  (57  lb).  This  system  is  considered  compatible  with 
the  interior  decontamination  of  helicopters  but  lias  not  yet  been  fully  tested. 
In  addition,  it  requires  a  knowledge  of  the  location  of  the  contamination  in 
order  to  be  effective  in  a  timely  manner. 

A  number  of  additional  research  efforts  are  underway  at  the  Chemical 
Research  and  Development  Center  (CRDC)  to  develop  new  chemical  and  biological 
decontaminants  and  decontamination  systems  that  can  be  used  on  both  the 
exterior  and  the  interior  of  aircraft.  Most  of  those  systems  will  probably  be 
available  later  than  the  scheduled  date  of  the  initial  fielding  of  the  LUX, 
but  the  LHX  design  should  be  prepared  to  incorporate  these  advances  when  they 
mature.  One  such  CRDC/AVSCOM-developed  system,  resigned  for  all  aircraft,  in 
the  prototype  stage  (the  Helicopter  SeLf-Decontamination  System)  uses  the 
helicopter's  engine  hot  exhaust/bleed  air  to  decontaminate  the  aircraft.  The 
LHX  design  should  make  provisions  that  would  allow  the  ’not  air  source  to  be 
easily  accessible  for  this  purpose. 

Attention  to  the  design  details  of  the  LHX  itself  can  do  much  to  minimize 
the  contamination  of  the  aircraft  and  to  reduce  the  need  for  decontamination. 
For  example,  if  the  interior  of  the  LHX  is  protected  from  N3C  agents  by 
sealing  and  overpressurizing  of  the  cabin,  contaminated  agents  would  not  enter 
the  aircraft  in  the  first  place.  The  need  for  interior  decontamination  would 
then  be  reduced.  Application  of  the  design  guidelines  developed  by  the  CRDC 
to  minimize  contamination  and  to  facilitate  decontamination  will  further 
reduce  the  problems  of  decontamination.^®  The  two-volume  set  of  guidelines 
provides  recommendations  for  the  design  configuration  of  equipment  and 
vehicles  that  will  help  prevent  the  collection  and  retention  of  contamination 
and  for  materials  that  reduce  the  impact  of  contamination. 

The  use  of  chemical  ngen t- res  is  tan t  coatings  (CARC)  would  also  simplify 
tne  decontamination  procedure  by  limiting  the  amount  of  an  agent  absorbed  by 
the  aircraft.  Similarly,  the  U.S.  Navy  is  developing  a  sacrificial  coating 
that  absorbs  chemical  agents.  This  sacrificial  polymer  coating  can  be  easily 
pliced  over  tne  present  aircraft  paint  before  the  aircraft  is  exposed  to 
chemical  agents.  When  the  agent  and  the  coating  come  in  contact,  the  agent  is 
absorbed  by  the  polymer  coating.  Both  the  coating  and  the  agent  can  then  be 
removed  by  washing  the  exterior  with  a  water-based  stripping  solution.®6  L'he 
disadvantage  of  sacrificial  coatLngs  is  the  need  to  recoat  the  aircraft  after 
It  has  been  decontaminated. 

d.  Biological  Decontamination.  Biological  agon's  that  are  released  by 
aerosol  and  dry  power  will  cover  aircraft,  equipment,  and  individuals.  Once 
the  commander  suspects  his  unit  has  been  subjected  to  biological  agents,  he 
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can  direct  the  aircraft  and  the  equipment  to  be  washed  with  hot  soapy  water, 
ionic  detergents,  STB,  or  a  variety  of  disinfectants.  The  equipment  and 
aircraft  can  tf  en  be  placed  in  the  direct  sunlight.  The  sunlight  will  nor. 
only  dry  the  wet  equipment  but  will  also  tend  to  neutralize  live  biological 
agents.  The  problem  with  this  approach  is  threefold.  First,  it  is  labor- 
IncensLvi;  ‘co  1 1 ,  it  requires  that  the  equipment  and  the  aircraft  be 
withdrawn  from  the  battle  for  a  number  of  hours;  and  third,  soap  and  water  and 
many  disinfectants  can -ot  be  U3ed  on  the  interior  of  the  aircraft. 

e .  Paeon tamina tlon  Summary. 

During  future  conflicts,  the  LHX  can  be  expected  to  fight  within  NBC  con¬ 
taminated  areas.  Effective  contamination  protective  measures  and  decon¬ 
tamination  methods  are  therefore  required. 

Current  decontamination  methods  and  equipment  are  not  sufficient  to  pro¬ 
vide  the  capability  needed  in  future  conflicts.  The  major  problems  associated 
with  the  current  systems  are  their  corrosive  effect  on  both  the  exterior  and 
the  interior  of  the  aircraft  and  electronics  equipment  and  the  amount  of  man¬ 
power  and  time  required.  New  decontamlna tion  methods  arc  under  development 
but  are  not  yet  available, 

The  LHX  design  can  do  much  to  help  alleviate  the  decontamination  problem 
by  the  incorporation  of  the  following: 

(1)  The  OR DC  design  guidelines  to  minimize  contamination  effects. 

(2)  The  design  of  an  NBC,  sealed,  and  overpressurized  aircraft  to 
prevent  contamination  from  entering  the  aircraft. 

(3)  The  use  of  chemical  agent-resistant  coatings  to  limit  the  amount 
of  contamination  that  sticks  to  the  aircraft  surfaces. 

(4)  Provisions  for  *-he  attachment  of  portable,  hot  air,  decontamina¬ 
tion  devices  that  could  be  carried  on  board  the  aircraft. 

6.  CONCLUSIONS. 

The  evaluation  of  the  threat  in  future  conflicts  indicates  that  Army 
aviation  can  expect  to  encounter  and  to  operate  w'thin  an  NBC  hostile  environ¬ 
ment.  The  Soviets  have  employed  and  will  continue  to  employ  NBC  weapons. 

They  are  also  well-prepared  and  equipped  to  fight  an  offensive  conflict  in 
that  environment.  The  Soviets  or  Soviet-backed  forces  have  reportedly  used 
chemical  weapons  in  Laos,  Cambodia,  and  Afghanistan. 

The  current  fleet  of  Army  aircraft  is  not  as  well-equipped  to  operate  in 
the  NBC  environment  es  required  by  future  -..oof licts.^  I’he  aircrew  is  depen¬ 
dent  on  individual  protective  clothing  to  shield  them  from  the  toxic  environ¬ 
ment  at  the  cost  of  considerable  loss  of  combat  effectiveness.  There  is  a 
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lick  of  detection  devices  to  determine  where  contamination  is  located  before 
entering  those  areas.  Decontamina tion  procedures  are  labor-intensive  and 
time-cons  uming. 

If  Army  aviation  is  to  be  successful  in  future  combat  as  a  member  of  the 
combined  arms  teim,  defensive  measures  must  be  applied  to  the  LUX  fleet  of 
aircraft  to  reduce  the  impact  NBC  weapons  have  on  mission  effectiveness. 

The  tour  defensive  measures  for  survival  in  the  NBC  environment  include 
the  use  of  medical  ore trea tments  and  antidotes,  contamination  avoidance,  and 
personal  and  collective  protection.  Each  has  its  distinct  advantages  and 
disadvantages  which  must  be  fully  exploited  to  assure  success  of  U.S.  forces 
in  future  conflicts. 

'iedical  pre  trea  U  en  ts  and  antidotes,  when  applied  irmnediatelv  before  or 
after  a  chemical  or  biological  attack,  can  save  lives.  Unfortunately,  they 
often  nave  an  adverse  effect  on  the  capabilities  of  soldiers  to  effectively 
continue  the  battle.  Individuals  will  experience  varying  levels  of  incapaci- 
cation  from  hours  to  weeks. 

Contamination  avoidance  appears  to  be  the  most  effective  means  to  prevent 
casualties  a..J  the  debilitation  of  personnel  during  an  NBC  attack.  In  some 
cases,  it  will  be  a  viable  option.  The  LUX  may  be  able  to  fly  around  the  con¬ 
taminated  areas  anJ  still  perform  its  mission.  This  option  is,  however,  con¬ 
siderably  dependent  on  the  ability  to  determine  where  the  contamination  is 
located.  To  do  so,  the  IHX  must  be  provided  with  a  reliable  means  to  detect 
contamination.  Contamination  avoidance,  unfortunately,  cannot  be  exercised  at 
all  times.  If  the  enemy  is  to  be  denied  the  terrain  he  wishes  to  occupy,  the 
LUX  must  be  prepared  to  fight  in  contaminated  areas. 

Collective  protection,  in  which  the  LUX' s  Interior  is  sealed  and 
pressurized  30  that  contamination  cannot  enter  the  aircraft,  has  the  potential 
to  provide  noth  t.oe  crew  arid  onboard  systems  and  equipment  maximum  protection. 
The  crew  could  then  operate  in  a  "shirt-sleeve"  environment  without  the  per¬ 
formance  degradation  imposed  by  N3C  protective  clothing  and  masks.  The 
disadvantage  of  this  approach  is  the  possibility  that  enemy  gunfire  could 
penetrate  the  aircraft  and  breach  the  integrity  of  the  collective  protection 
system.  In  addition,  there  may  be  times  when  the  aircraft  must  land  in  con¬ 
taminated  areas  due  to  an  emergency  or  to  pick  up  and  discharge  passengers. 

Individual  protective  clothing,  worn  by  each  crewmember  in  the  LUX,  will 
provide  a  iife-3aving  function  and  will  allow  aviation  missions  to  be 
accomplished  at  some  degree  of  effectiveness.  Current  protective  clothing 
appears  to  lie  adequate  from  the  standpoint  of  providing  NBC  protection,  but  it 
imposes  restrictions  that  severely  degrade  crew  effectiveness,  such  as  reduced 
visual  capability,  reduced  manual  dexterity  and  tactile  sensitivity,  and  heat 
3 tre a 3 ,  The  combat  effectiveness  of  Army  aviation  in  NBC  protective  clothing 
is  considerably  less  than  it  would  be  in  standard  flight  gear. 
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The  solution  for  the  LHX  therefore  appears  to  be  a  hybrid  system  tint 
Integrates  the  advantages  of  collective  and  personal  protection.  Such  a 
system  could  allow  the  aircrew  to  operate  in  a  sealed  and  pressurized  aircraft 
partially  or  fully  _lothed  In  NBC  protective  gear.  When  the  integrity  of  tie 
collective  protection  system  l>  maintained  and  the  crewstation  is  contamina¬ 
tion  free,  the  aircrew  could  operate  in  partial  NBC  gear.  When  approaching  a 
known  contaminated  area  or  when  the  aircraft  detectors  indicate  the  aircraft 
is  in  a  contaminated  area,  the  mask  and  the  gloves  could  be  donned  to  provide 
full  protection.  This  approach  would  allow  maximum  ere*  effectiveness  to  be 
obtained  when  not  in  a  contaminated  area,  as  well  as  assured  protection  to  the 
aircrew  when  in  a  contaminated  area. 

The  LHX  will  also  require  NBC  detectors  both  inside  and  outside  the 
aircraft  to  inform  the  aircrew  when  they  have  entered  a  contaminated  area  and 
whether  the  contamination  has  penetrated  the  crewstation.  Remote  standoff 
detection  devices  are  necessary  to  allow  the  LHX  to  successfully  perform  its 
NBC  reconnaissance  missions  and  to  provide  the  aircrew  an  early  varning  so 
that  Che  tactics  of  contamination  avoidance  can  be  used. 

The  design  of  the  LHX  must  also  include  a  crew  station  or  Individual 
microclimate  cooling  system  to  avoid  aviator  heat  stress  during  flight  in  hot 
weather.  Heat  stress  and  the  resulting  crew  fatigue  are  major  contributors  to 
tne  reduced  capability  in  current  aircraft. 

The  crewstaticn  configuration,  as  well  as  its  controls  and  displays,  must 
be  designed  to  overcome  the  restrictions  of  reduced  visual  capabilities, 
freedom  of  movement,  and  loss  of  dexterity  and  touch  sensitivity  Imposed  b/ 
voarlng  NBC  protective  clothing  and  life-support  equipment. 

Designing  for  ease  of  decontamination  must  also  be  addressed.  Current 
techniques  are  labor-intensive  and  only  partially  successful.  The  collective 
protection  provided  by  a  sealed  aircraft  should  reduce  the  decontamina tion 
effort  by  preventing  contamina tion  from  entering  the  aircraft.  The  use  of 
ivailable  and  future  contamination-resis tant  paints  and  coatings,  coupled  with 
design  techniques  that  eliminate  external  and  internal  contamination  collec¬ 
tion  points,  a're  a  necessity  to  reduce  the  manpower  and  time  required  for 
decontamination.  The  integration  of  a  lightweight  hot  air  decontamina tion 
system  as  part  of  the  LHX  design  should  further  improve  upon  the  decon¬ 
tamination  capability. 

Another  important  area  that  requires  attention  during  the  design  of  the 
LHX,  with  respect  to  the  NBC  environment,  is  the  ground  crew  workload  asso¬ 
ciated  with  maintaining,  rearming,  and  refueling  of  the  aircraft.  Those 
activities  rapidly  Increase  in  difficulty  wher.  wearing  NBC  protective 
clothing.  Fuel  ports,  along  with  weapon  compartments  and  mounting  surfucas, 
need  to  be  designed  to  allow  for  rapid  rearming  while  wearing  NBC  g«ar. 
Considerable  attention  needs  to  oe  devoted  to  easily  removing  and  replacing 
aircraft  systems  and  components  during  mlntenance  activities. 
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Tne  design  of  a  hybrid  NBC  collective  and  personal  protection  system  is 
well  within  the  current  state  of  technology,  as  defined  in  the  AVSCOM 
Trade-Off  Determination.^ 

The  current  technology  in  the  area  of  NBC  contamination  detection  is  not 
as  advanced.  Remote  standoff  detection  capabilities  are  in  the  early  labora¬ 
tory  and  concept  phase  of  development  and  are  not  expected  to  be  available 
until  tie  late  1990s.  These  programs  need  to  be  given  a  high  priority  to 
accelerate  their  development.  Currently  available  point  sampling  detectors 
are,  however,  available  In  ground  systems.  Improvements  In  those  systems  are 
also  possible  within  the  LHX  time  period. 

Ongoing  programs  are  in  effect  to  improve  the  individual  protective 
clothing  and  masks  worn  by  the  aircrew  and  ground  forces.  The  LHX  can  take 
advantage  of  those  programs  early  in  their  development  by  assuring  they  are 
not  designed  as  separate  items  but  include  design  features  that  allow  them  to 
become  part  of  tic  LHX  integrated  crewstation.  The  aircrew  integrated  helmet 
and  crewstation  cooling  systems  are  two  examples  of  where  the  approach  can  be 
applied. 

The  use  of  collective  protection,  chemical- res  is tant  coatings,  and 
con tamina tion- reduc ing  conf igura tion  design  techniques  are  currently  available 
to  aid  in  reducing  the  labor-intensive  decontamination  process.  Decontamina¬ 
tion  equipment  and  systems  that  will  allow  for  fuiL  interior  and  exterior 
aircraft  decontamina tion  are  not  yet  available,  but  programs  are  underway  to 
develop  them.  The  LHX  should  make  provisions  for  their  incorpora tion  at  a 
later  Tits. 

7.  RECOMMENDATIONS,  The  conclusions  reached  during  this  analysis  support  the 
following  recommendations  for  incorporation  into  the  LHX  fleet  of  aircraft; 

a.  Protection  System.  A  hybrid  collective  protection  equipment 
system  be  provided  for  the  LHX  that  includes  a  collective  prot.ecuioi  sealed 
and  pressurised  cabin,  individual  protective  clothing  and  masks,  and  aircrew 
cooling  by  means  of  an  environmental  control  system  supplemented  ./L:'i  ti  indi¬ 
vidual  mlcrocii nate  cooling  system.  The  dual  protection  afforded  by  a  hybrid 
collective  protection  s/atem  will  prevent  con tamina tion  from  entering  the 
aircraft,  thus  protecting  the  crew  and  aircraft  equipment  and  systems  from 
con  tarn! ns tion.  The  individual  protective  clothing  system  will  provide  crew 
protection  when  the  integrity  of  the  collective  protection  is  breached  or  tne 
crew  must  leave  the  aircraft  in  a  contaminated  environment.  The  cooling 
system  will  reduce  the  Impact  of  die  heat  stress  problem  associated  with  NBC 
clothing. 

b.  Decontamina  tion.  The  labor-intensive  and  equipment  degradation 
effects  of  decontamination  should  be  reduced  by  incorporating  collective 
protection,  agent- res  is tant  coatings,  and  contamination-reducing  design 
techniques  Into  the  MIX  system.  Provisions  should  be  made  for  incorporating 
onboard  dccontaralnj  tion  systems  when  cliey  are  available.  Collective  protec¬ 
tion  will  prevent  con tamina tion  of  the  interior  of  the  aircraft.  Agent- 

re.. I  stir  coatings  and  design  techniques  will  "'Inca  the  accumulated 
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contamination  levels  both  inside  and  outside  the  aircraft  and  will  make 
decontamination  easier.  The  provisions  for  the  inclusion  of  Improved  decon¬ 
tamination  systems  into  the  LHX  will  provide  mors  flexibility  as  to  whei.  and 
where  the  aircraft  can  be  decontaminated  when  those  future  systems  are 
available. 

l.  Detection  Systems.  In  the  near  term,  MBC  point  sampling  detectors 
should  oe  provided  to  monitor  contamination  both  inside  and  outside  the 
aircraft.  Provisions  for  remote  standoff  detectors  should  be  included  In  the 
LHX  design  so  that  those  systems  may  be  incorpara r ;.i  when  their  development  Is 
completed. 

The  outside  point  sampling  detectors  will  tell  the  LHX  aircrew  when  they 
have  entered  a  contaminated  area.  This  information  will  allow  the  aircrew  to 
leave  the  area  or  to  don  their  MBC  protective  gear.  The  LHX  MBC  recon¬ 
naissance  mission  can  also  be  performed  using  outside  detectors.  The  detec¬ 
tors  Inside  the  aircraft  will  Indicate  when  the  crewstatLon  collective 
protection  system  integrity  has  been  breached.  Remote  standoff  detectors, 
when  available,  will  warn  the  aircraw  of  a  contaminated  aiea  and  will  allow 
chem  to  take  evasive  actions.  Remote  standoff  detectors  would  aiso  allow  the 
LHX  MBC  reconnaissance  mission  tc  be  accomplished  without  suturing  the  con¬ 
taminated  area. 
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HUMAN  FACTORS  ENGINEERING  ASSESSMENT  OF  NAVIGATION  SYSTEMS  FOR 
THE  LIGHT  HELICOPTER  FAMILY  (LHX) 


A.  INTRODUCTION. 

Successfully  accomplishing  high  mobility  Army  aviation  missions  on  the 
battlefield  of  the  future  depends  on  the  capability  of  aviators  to  navigate 
their  aircraft  to  a  predetermined  geographical  point,  with  a  reasonable  degree 
of  accuracy,  within  a  precise  period  of  time.  To  win  the  battle,  aviation 
assets  must  be  at  the  right  place  at  the  right  time.  Missions  must  be 
accomplished  during  the  day  and  at  night,  as  well  as  under  adverse  environ¬ 
mental  conditions.  Once  at  their  battle  position,  crewmembers  must  be  able  to 
Inform  others  of  their  location  and  the  location  of  the  enemy.  The  aircrew 
must  also  be  able  to  report  friendly  and  enemy  activity  observed  while  flying 
’.o  the  battle  position. 

Dead-reckoning  techniques,  using  aircraft  speed,  heading,  and  time 
traveled  were  the  mainstay  of  Army  aviation  navigation  during  combat  for  many 
years.  More  recently,  that  approach  has  been  partially  replaced  by  Doppler 
and  Inertial  navigation  systems  that  use  electromechanical  sensors,  coupled 
with  electronic  computers,  to  determine  the  aircraft's  position  and  monitor 
movements  over  the  ground. 

The  capability  of  Army  aviators  to  effectively  navigate  on  the  modern 
battlefield  is  influenced  by  two  major  factors:  the  accuracy  of  navigation 
sensors  and  the  method  used  to  present  or  display  navigation  information  to 
the  aircrew. 

The  accuracy  of  available  fielded  sensors,  although  slowly  improving,  has 
not  yet  reached  the  point  to  where  the  aviator  places  complete  confidence  in 
these  systems.  As  a  result,  aircrews  rely  on  the  use  of  paper  maps  on  which 
they  manually  trace  their  oosition  over  the  ground  by  comparing  what  they  see 
outside  the  aircraft  with  the  features  depicted  on  the  map. 

Technology  advances  are  expected  to  improve  the  accuracy  of  the  navigation 
systems  through  the  use  of  improved  sensors  and  satellites  located  in  space. 
The  increased  accuracy  promised  by  those  systems  is  necessary  and  will  cer¬ 
tainly  be  welcome  by  Army  aviators.  Improved  accuracy  will  greatly  increase 
the  combat  effectiveness  of  aviation  assets. 

Th“  second  factor  to  consider,  how  the  information  is  accumulated  and  pre¬ 
sented  to  the  aircrew,  also  requires  Improvement  if  the  full  effectiveness  of 
Army  aviation  is  to  be  realized  on  the  future  battlefield. 

The  aircrew  must  not  only  have  the  capability  to  fly  from  one  point  on  the 
battlefield  to  another  but  must  accurately  accumulate,  record,  use,  and 
transmit  position  information  concerning  the  threat  and  friendly  elements 
encountered  en  route  and  while  in  the  primary  mission  area.  The  task  of  com¬ 
bat  navigation,  therefore.  Includes  more  than  the  ability  to  accurately  fly 


ram 


the  aircraft  from  one  location  to  another.  Mission  success  also  requires  the 
crew  to  maintain  an  overall  awareness  of  the  rapidly  changing  tactical 
situation  around  them.  Situation  awareness  includes  knowing  the  geographic 
location  of  your  own  aircraft  as  well  as  the  relative  position  of  other  mem¬ 
bers  of  the  friendly  combined  arms  team,  the  location  of  the  threat  ground  and 
aviation  forces,  and  where  the  man-made  or  natural  environmental  obstacles  are 
posltoned.  The  design  of  future  Army  aviation  aircraft  navigation  systems 
must  take  into  consideration  all  of  these  factors. 

The  purpose  of  this  analytical  assessment  is  to  review  current  and  pro¬ 
posed  navigation  systems  regarding  aircrew  workload  and  mission  effectiveness 
and  to  examine  the  capability  of  those  systems  to  meet  the  needs  of  the  future 
fleet  of  light  helicopters  (LHX).  In  order  for  the  LHX  to  be  operationally 
successful,  the  deficiencies  of  current  navigation  systems  as  outlined  in  the 
Army  Aviation  Mission  Area  Analysis  (AAMAA)  must  be  corrected.  The  major 
navigation  shortcomings  noted  in  the  AAMAA^  were: 

(1)  The  aviator's  visual  attention  required  for  navigation  is  too 

high. 

(2)  Spatial  disorientation  during  flight  is  too  frequent. 

(3)  Accuracy  of  current  navigation  systems  is  too  low. 

(4)  Aircrew  time  and  workload  devoted  to  the  navigation  task  is  too 

high. 

If  the  full  potential  of  the  LHX  fleet  is  to  ba  realized,  navigation  systems 
and  techniques  must  have  improved  accuracy,  while  reducing  the  amount  of  time 
that  the  crewmembers  must  spend  attending  to  the  navigation  task.  Navigation 
systems  for  Army  aircraft  that  are  expected  to  be  effective  on  the  future 
battlefield  should  have  the  following  characteristics: 

(1)  Provide  real-time,  accurate,  spatial  information  concerning 
aircraft  position  during  day,  nigbt,  and  adverse  weather  conditions. 

(2)  Allow  the  aircrew  to  rapidly  obtain  needed  information  from  the 
navigation  display  with  minimal  visual  attention  inside  the  cockpit. 

(3)  Provide  the  capability  for  the  aircrew  to  rapidly  annotate  the 
navigation  display,  during  preflight  planning,  with  information  like  the 
planned  navigation  profile,  waypoints,  known  threat  locations,  location  of 
friendly  forces,  obstacles,  and  hazards. 

(4)  Provide  the  capability  to  rapidly  annotate  the  navigation 
display,  with  information  concerning  enemy  and  friendly  forces,  as  well  as 
points  of  interest  discovered  during  flight. 

(5)  Provide  a  means  for  the  aviator  to  easily  transfer  Information 
noted  in  flight  to  other  members  of  the  combined  arms  team. 


(6)  Provide  a  fully  organic  ayatetn  that  does  not  radiate  electronic 
signals  which  can  be  detected  by  the  enemy  and  is  independent  of  electronic 
ground  references. 

(7)  Be  low  in  weight  and  cost. 

There  are  seven  current  candidate  navigation  approaches  for  the  LHX  aircraft: 
Standard  map  system 

Doppler/numeric  display  navigation  system 
Projected  mac  displays  (PllD) 

Remote  map  readers 
Automatic  map  reader 
Graphic  display  navigation  system 
Computer-generated  map  displays 

r'.ach  of  these  approaches  possesses  unique  capabilities  and  attributes.  The 
advantages  and  disadvantages  of  each  of  these  systems  are  examined  in  he 
following  analysis. 

5.  STANDARD  MAP  SYSTEM. 

Traditionally,  navigating  an  aircraft  in  a  combat  situation  has  b«en  done 
by  using  hand-held  paper  maps  supplemented  by  the  aircraft  heading  and 
airspeed  indicators,  a  clock  or  watch,  and  the  aviator's  knowledge  or  fami¬ 
liarity  with  the  surrounding  area.  The  aviator's  familiarity  with  the 
surrounding  area,  more  often  than  not,  is  the  significant  factor  in  effective 
navigation  and  mission  success. 

Situation  awareness  is  obtained  by  the  aircrew  annotating  their  hand-held 
paper  map  with  the  desired  flight  profile,  hazards  they  may  encounter  along 
the  way,  and  the  location  of  friendly  and  enemy  force  Information.  While  the 
traditional  method  of  navigation  has  served  Army  aviators  satisfactorily  in 
the  past,  when  flying  well  above  the  terrain,  it  lias  severe  limitations  when 
considering  the  increased  threat  capability  and  the  complexity  of  future 
combs  t. 

Aviators  flying  at  relatively  high  a  1 ti tudes--hundreds  of  feet  or  more 
above  the  highest  obstacles--are  provided  an  overall  visual  perspective  of  the 
terrein  and  significant  landmarks  or  checkpoints  which  allows  them  to  easily 
verify  the  aircraft's  geographical  location  (figure  l).  They  see  the  terrain 
through  the  aircraft  windscreen  as  it  appears  on  the  map.  Terrain  flight  tac¬ 
tics,  now  necessary  to  avoid  detection  and  acquisition  by  the  enemy,  on  tho 
other  hand,  require  the  aircraft  to  be  maneuvered  as  close  to  the  earth's  sur¬ 
face  as  possible.  The  aircrews  must  fly  their  aircraft  close  to  the  earth  at 
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altitudes  that  vary  from  a  few  feet  to  a  few  h'mdred  feet  above  the  ground. 
During  nap-of- the-earth  (NOE)  flight,  they  are  constantly  maneuvering  around 
or  over  trees,  hills,  and  other  obstacles.  The  same  terrain,  vegetation,  and 
man-made  objects  that  offer  concealment  from  the  enemy  during  terrain  flight 
also  limit  the  aviator's  view  of  the  surrounding  area  and  navigational  land¬ 
marks.  The  aircrew  is  suddenly  deprived  of  the  overall  visual  perspective 
available  at  higher  altitudes  and  in  its  place  is  a  much  narrower  and  r.ore 
limited  field  of  view  (figure  2).  The  pilot's  view  of  tm  terrain  surrounding 
his  aircraft  is  changed  from  one  that  resembles  the  neatly  layed  out  map  that 
he  uses  as  a  reference  to  one  that  .-estricts  hla  field  of  view  to  a  few 
hundred  meters  or  less  in  front  of  and  to  the  side  of  his  aircraft.  His  lrng- 
range  horizontal  or  plan  view  of  the  surrounding  area  is  now  replaced  with  a 
short-range  vertical  view  in  which  he  can  only  see  as  far  as  the  next  obstacle 
(tree,  hill,  or  building).  Consequently,  the  taak  of  navigating  at  low  alti¬ 
tude  is  more  demanding  than  navigation  at  higner  altitudes  and  requires  con¬ 
tinuous  comparison  and  interpretation  of  the  terrain  features  with  a  hand-held 
map. 


Figure  1.  Aviator's  view  of  the  terrain  during  flight  at  altitude 


Figure  2.  Aviator's  view  of  the  terrain  during  NOE  flight. 


Due  to  the  aviator's  limited  view  al  low  altitudes,  the  probability  of 
disorientation  and  the  difficulty  of  ravlgatlon  increases  considerably  when 
flying  in  unfamiliar  terrain,  at  night,  or  under  conditions  of  low  visibility. 
Daytime  terrain  flight  is  considered  to  be  1.3  times  more  fatiguing  than  that 
of  a  standard  day  flight.  At  night,  the  relative  fatigue  factor  for  terrain 
flight  increases  to  1.97  times  normal  day  flight,^  Nonetheless,  in  order  for 
the  Army  to  maximize  its  aviation  assets,  aviators  v.usl  be  able  to  effectively 
navigate  under  those  adverse  conditions. 

The  results  oi  a  series  of  navigation  evaluations  support  the  conc’usions 
that  the  traditional  navigational  techniques  (hand-he’d  maps)  are  not  atioqua  te 
for  NOE  flight. 


Du ilng  a  photographically  simulated  NOE  studv,  experienced  aviators  were 
presented  visual  pictures  of  terrain  features  and  asked  to  locate  those 
features  on  the  map  depicting  terrain  relief  information.^-  Their  average  suc¬ 
cess  rate  was  around  37  percent.  Similar  results  were  obtained  when  pilots 
were  asked  to  view  a  film  of  an  NOE  flight  profile,  follow  that  same  profile 
on  the  hand-held  map,  and  correctly  identify  the  checkpoints  at  which  the 
aircraft  had  stopped.  The  average  checkpoint  location  error  was  500  meters 
with  some  errors  exceeding  several  thousand  meters. 

Similar  results  were  again  reported  in  a  second  study  designed  to  evaluate 
the  aviator’.,  ability  to  recover  from  geographic  disorientation  by  the  use  of 
a  brief  vnmacking  or  "pop-up"  maneuver. 2  In  that  study,  the  average  error, 
for  the  28  experienced  Army  aviators  in  the  simulated  "pop-up"  task,  ranged 
from  314  to  2,831  meters. 

The  results  cf  a  UH-1  dual-crew  flight  study-^  concluded  that  the  probabil¬ 
ity  of  the  aviator's  ability  to  identify  specific  checkpoints  while  flying  NOE 
was  around  85  percent  and  the  probability  of  locating  a  given  landing  zone 
within  100  mete.s  was  77  percent. 

When  pilots  were  asked  to  simultaneously  fly  and  navigate  an  OH-58  heli¬ 
copter  (one  crewmember)  over  an  unfamiliar  NOE  course  at  Fort  Rucker,  AL,  9  of 
the  10  aeroscout  pilots  became  disoriented  and  failed  to  successfully  navigate 
the  course.4  During  that  same  assessment.  It  was  found  that  the  aviators  were 
spending  about  62  percent  of  their  visual  time  outside  the  cockpit  and 
approximately  14  percent  looking  at  the  hand-held  map. 

In  two  similar  NOE  flight  studies,  the  attention  devoted  to  various  ele¬ 
ments  of  the  navigation  task  in  a  UH- 1  helicopter  was  evalua ted . J »&  In  those 
evaluations,  the  copilot,  when  assigned  the  task  of  acting  as  a  navigator, 
while  still  performing  his  normal  in-flight  duties,  spent  around  49  to  57  per¬ 
cent  of  his  visual  time  looking  outside  the  cockpit  and  about  35  to  39  percent 
looking  at  the  hand-held  map.  Although  not  directly  related  to  physical 
workload,  the  results  do  point  out  that  a  large  amount  of  the  aviator's  visual 
attention  is  devoted  to  the  navigation  task  while  flying  at  low  level  and  NOE. 

These  reported  evaluations  were  conducted  under  ideal,  normal  daylight 
conditions.  During  combat  missions  under  less  than  ideal  conditions,  one  can 
expect  this  problem  to  be  amplified.  The  findings  of  the  series  of  studies 
discussed  above  suggest  that  the  traditional  means  of  navigation  are  much  too 
time-consuming  and  inaccurate  to  meet  the  challenge  of  NOE  flight. 

The  use  of  a  hand-held  map  as  the  major  source  of  geographic  information 
does  have  some  advantages.  First,  the  paper  map  is  relatively  easy  to  repro¬ 
duce  and  distribute  in  large  quantities.  Second,  the  aviator  can  annotate  the 
map  by  writing  or  drawing  the  planned  mission  profile  directly  on  the  map. 
Information  concerning  enemy  and  friendly  forces,  navigation  aids,  or  hazards 
can  also  be  easily  placed  on  the  map  during  mission  preplanning.  During  the 
actual  flight,  overall  information  concerning  the  current  situation  can  be 
adied  or  old  information  modified  relatively  easily.  Third,  upon  completion 
of  the  preflight,  the  aircrew  can  carry  the  map  into  the  operations  room  and 
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share  It  with  others  within  the  unit  and  pass  it  on  to  all  other  interested 
parties. 


The  paper  map  also  has  inherent  limitations.  Current  map  der igns  a.  e  a 
compromise  between  the  requirements  for  various  members  of  the  combined  arms 
team  and  other  branches  of  the  military  services.  Due  to  those  conflicting 
requirement s,  the  standard  map  does  not  contain  the  optimal  information  f^r 
Army  aircraft  flying  at  NOE.  In  many  cases,  they  contain  unnecessary  infor¬ 
mation  which  clutters  the  map  and  makes  it  more  difficult  to  use. 

The  navigational  problems  with  hand-held  maps  are  amplified  when  con¬ 
sidering  the  goal  of  designing  a  single  person  crevstatlon  for  future  Army 
aircraft.  In  most  of  the  actual  flight  evaluations  discussed  above,  the  crew 
size  consisted  of  a  pilot  and  copilot,  with  the  copilot  assuming  the  role  of 
navigator.  Under  those  conditions,  most  of  the  copilot/navigator's  visual 
time  was  consumed  with  tha  navigation  task  during  the  flight.  In  addition, 
when  a  single  aviator  was  asked  to  assume  both  the  pilot  and  navigator  roles, 
mission  success  decreased  to  about  10  percent.  The  likelihood  of  a  single 
crewmember  effectively  assuming  the  roles  of  both  the  pilot  and  copilot,  while 
flying  NOE  over  unfamiliar  terrain,  using  the  traditional  navigation  approach 
therefore  appears  to  be  virtually  impossible  in  the  future  combat  environment. 

C.  DCRPLER/NUMERIC  READOUT  NAVIGATION  SYSTEM. 

One  approach  to  ease  the  workload  and  increase  the  accuracy  of  navigation 
during  terrain  flight  is  to  use  an  electronic  Doppler  navigation  system.  Some 
Army  aircraft  are  currently  equipped  with  such  systems,  designated  the 
Lightweight  Doppler  Navigation  System  (LNDS),  AN/ASN-128  (figure  3).  This 
system  la  designed  to  provide  position  information  accuracies  in  the  range  of 
25  to  250  meters.  The  system  measures  the  difference  in  frequincy  of  a  radio 
signal  emitted  by  the  LDNS  and  the  returning  signal  reflected  off  some  object 
cr  the  ground  slightly  ahead  of  the  aircraft.  A  computer  then  uses  that  dif¬ 
ference  along  with  information  concerning  aircraft  heading,  roll,  and  pitch  to 
compute  aircraft  velocity,  present  position,  and  steering  information.  The 
computed  navigation  Information  Is  then  provided  to  the  aviator  by  means  of 
numeric  displays  on  the  LDNS  control  panel.  The  LDNS  control  panel  also 
includes  an  alphanumeric  keyboard  that  allows  the  operator  to  program  the  com¬ 
puter  with  position  and  steering  information  of  10  predetermined  destinations 
or  checkpoints. 
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Figure  3.  LDNS  control/display  panel. 


When  using  the  AN/ASN-128,  the  aviator  typically  navigates  by  obtaining 
the  required  information  from  the  13-digit  numeric  display  in  the  cockpit, 
mentally  converting  that  data  to  standard  map  coordinates,  finding  the  coor¬ 
dinates  on  his  hand-heid  map,  then  determining  the  relationship  between  the 
reference  point  on  the  hand-held  map  and  the  terrain  features  visually 
observed  through  the  cockpit  windscreen.  The  major  part  of  the  aviator's 
workload  in  performing  this  task  is  perhaps  the  mental  processing  of  the  data, 
the  visual  attention  required  to  cross-check  the  system  data  with  the  outside 
terrain,  and  the  operation  of  the  alphanumeric  control/keys  when  entering  data 
in  flight.  The  workload  with  this  type  of  navigation  system  appears  to  be  an 
improvement  over  the  traditional  method,  but  still  fails  short  of  providing 
maximum  effectiveness  when  flying  NOE. 
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During  the  operational  teat  <0T)  II  of  the  AN/ASN-128  in  the  dual-crew 
AH-1S  Cobra  helicopter^- ,  a  comparison  was  made  between  aviators  navigating 
with  the  LDNS  and  navigating  with  a  hand-held  map.  The  results  indicate  thac 
an  NOE  course  can  be  traversed  more  rapidly  with  the  LDNS  and  the  aviator 
workload  during  flight  is  reduced.  In  addition,  the  LDNS  requires  less  pilot- 
tc-copilot  communications  during  flight  than  hand-held  maps  require. 

Two  other  evaluations  conducted  at  Fort  Rucker, ^*7  reported  that  with  the 
LDNS/map  combination,  NOE  and  contour  flight  missions  were  flown  in  15  to  25 
percent  less  time  than  was  the  case  with  the  hand-held  map  alone.  In  addi¬ 
tion,  disorientations  experienced  with  the  LDNS  were  35  to  70  percent  less 
than  those  found  when  navigating  with  the  hand-held  map.  Visual  attention 
measurements,  observed  during  one  of  the  above  studies,  Indicated  that  when 
using  the  LDNS,  the  pilot/navigator  spent  31  percent  of  the  time  viewing  the 
navigation  system  and  49  percent  looking  outside  the  cockpit.  As  with  the 
hand-held  map,  a  substantial  amount  of  the  copilot/navigator  visual  attention 
was  focused  on  the  navigatiou  tasks. 

Although  it  is  better  than  the  hand-held  map  navigation  approach,  the 
AN/ASN-128  navigation  system  does  have  a  number  of  distinct  disadvantages. 
First,  the  workload  prior  to  flight  is  increased  due  to  the  necessity  to 
preprogram  the  system.  Information  concerning  the  preplanned  flight  path  and 
associated  waypoints  is  manually  entered  into  the  system  by  the  aircrew  before 
leaving  the  ground.  Second,  the  degree  of  accuracy  obtained  with  the  LDNS  is 
still  heavily  dependent  on  the  aircrews'  frequent  updating  of  the  system,  by 
comparing  the  Doppler  readout  with  checkpoints  on  the  ground  and  the  hand-held 
map.  The  aircraft  must  be  maneuvered  near  or  over  the  checkpoint  on  the 
ground  approximately  every  10-15  minutes  to  accomplish  that  updating.  The 
third  problem  associated  with  LDNS  is  the  requirement  for  the  aviator  to  men¬ 
tally  interpret  the  digital  readout  of  the  Doppler  display  and  locate  the 
equivalent  aircraft  location  on  the  hand-held  map. 

The  navigation  approach  using  the  LDNS,  supplemented  with  a  hand-held  map, 
is  better  than  the  traditional  method  of  just  using  the  hand-held  map.  The 
flight  path  can  be  covered  in  less  time  and  the  copilot/navigator  visual 
attention  requirement  appears  to  be  reduced.  On  the  other  hand,  the  workload 
for  a  two-member  crew  is  still  high  and  navigation  accuracy  is  still  less  than 
that  required  for  maximum  mission  effectiveness  of  the  LHX  during  future 
conflicts.  The  likelihood  of  a  single  crewmember  effectively  performing  the 
combined  task  of  the  pilot  and  copilot/navigator  while  flying  NOE  over 
unfamiliar  terrain  with  the  current  LDNS/map  system  during  NOE  flight  is 
extremely  low. 

t>.  PROJECTED  MAP  DISPLAYS/REMOTE  MAP  READERS. 

Projected  map  displays  (PMD)  used  with  navigation  sensors  provide  another 
approach  for  improved  navigation  in  Army  aircraft.  Such  map  displays,  using 
stored  Information  on  35mm  film  cassettes,  project  the  map  image  onto  a  small 
screen  normally  mounted  in  the  Instrument  panel  in  front  of  the  aviator 
(figure  4).  The  PMD  uses  input  from  a  Doppler  sensor  and  the  aircraft  flight 
Instruments  to  compute  position  Information  which  is  superimposed  on  the 
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map- like  display.  The  PHD  allows  the  aircraft  course  and  position  to  be  auto 
matically  traced  on  the  map  display  thereby  relieving  the  aviator/navigator 
from  this  task. 


A  navigation  assessment  conducted  at  Fort  Rucker  has  demonstrated  that 
navigation  performance  is  improved  when  pilots  use  a  PHD'.  During  that 
assessment,  the  navigational  effectiveness  of  dual-member  aircrews  was  com¬ 
pared  for  three  navigation  systems,  during  the  day  and  at  night  over  several 
terrain  flight  courses  in  UH-1H  and  UH-1M  helicopters.  The  aviators  performed 
the  navigation  tasks  using  either: 

(1)  A  standard  map. 

(2)  A  Doppler  navigation  system  with  numeric  displays  and  a  standard 

map. 

(3)  A  PHD  with  input  signals  from  the  Doppler  sensors  and  the  stan¬ 
dard  map  as  a  secondary  reference. 

During  the  day,  NOE,  and  low-level  flights,  20-kilometer  (km)  courses  were 
traversed  more  rapidly  with  the  PMD.  The  results  indicate  that  navigation 
with  the  PMD  required  about  one-half  of  the  time  experienced  when  using  the 
hand-held  map  and  about  60  percent  of  the  time  experienced  using  LDNS/map  com¬ 
binations.  Pilots  reported  that  there  was  also  a  significant  workload  reduc¬ 
tion  when  using  the  PMD.  In  addition,  the  aircrews  did  not  experience 
disorientation  while  using  the  PMD,  A  number  of  disorientations  were, 
however,  experienced  with  the  hand-held  map  (10)  and  I  DNS  (15). 

A  more  recent  evaluation  of  the  same  three  types  of  navigational 
approaches  reported  similar  results. ^  in  that  evaluation,  the  copilot  of  a 
UH-1  helicopter  performed  the  navigational  task,  while  the  pilot  controlled 
the  aircraft  and  flew  where  the  copilot  directed.  The  results  indicate  that 
when  navigating  with  the  PMD,  the  course  was  traversed  in  about  82  percent  of 
the  time  used  with  the  hand-held  map.  The  average  flight  time  with  the  PMD 
was  about  96  percent  of  that  with  the  LDNS,  somewhat  different  than  the  impro¬ 
vement  reported  in  the  earlier  test  above.  The  study  also  found  that  there 
were  fewer  course  delays  and  aviator  disorientation  when  using  the  PMD.  In 
addition,  the  aviator's  visual  attention  devoted  to  the  PMD  navigation  system 
(28  percent)  was  less  than  that  experienced  with  the  hand-held  map  (35 
percent)  or  LDNS  (31  percent).  This  allowed  the  copilot  to  spend  more  time 
looking  outside  the  cockpit  as  compared  to  the  other  two  systems.  The  naviga¬ 
tional  communications  between  che  aircrew  were  greater  with  the  hand-held  map 
than  with  either  of  the  other  two  systems,  but  the  LDNS  system  required  the 
least  amount  of  communications. 

The  overall  results  of  the  two  evaluations  reported  Indicate  that  a  navi¬ 
gation  system  using  a  PMD  has  a  distinct  advantage  over  the  hand-held  mop  and 
Doppler/map  systems.  When  using  the  PMD,  the  mission  course  was  covered  more 
rapidly,  the  aviator's  visual  attention  devoted  to  the  navigation  system  was 
less,  and  fewer  course  disorientations  and  delays  were  experienced. 


The  major  reported  disadvantage  of  the  PMDs  tested  was  the  lack  of  a  capa¬ 
bility  for  the  aviator  to  annotate  the  display.  The  display  is  projected  from 
a  filmstrip  that  the  aviator  cannot  write  on  like  he  does  the  paper  map.  A 
second  disadvantage  was  the  necessity  to  mount  the  entire  system  electronics, 
optical  projector,  and  display  in  the  already  limited  space  of  the  crew  sta¬ 
tion. 


A  third  disadvantage  of  the  PMD  is  similar  to  that  of  the  paper  map. 

Paper  maps  often  contain  Information  that  is  not  necessarily  pertinent  to  the 
navigation  needs  of  Army  aircraft  in  terrain  flight.  Too  much  information 
tends  to  clutter  the  display,  making  it  more  difficult  for  the  aviator  to 
rapidly  obtain  required  information  from  the  display.  Since  the  projected  map 
display  originates  with  the  paper  map,  the  problem  is  carried  over  to  the  PMD. 

A  number  of  avionics  contractors  have  recently  overcome  two  of  the  above 
shortcomings  by  introducing  remote  map  readers.  The  remote  map  reader 
replaces  the  crews ta tion’ s  mounted,  projected  optical  components  of  the  PMD 
with  a  system  located  elsewhere  in  the  aircraft.  The  output  of  the  remote  map 
reader  is  a  standard  color  or  black/white  video  signal  that  can  be  placed  on  a 
multifunction  display  in  the  crewstation  (figure  5).  Navigation  symbology  and 
waypoints,  as  well  as  threat  and  friendly  force  information  can  then  be 
superimposed  on  the  map  display.  Thus,  the  aviator  can  annotate  the  naviga¬ 
tion  display  through  a  computer  interface  before  and  during  flight. 
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Figure  6.  Automatic  map  reader. 
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The  major  disadvantage ,  much  like  the  paper  map,  is  the  requirement  for 
aviators  to  hold  *-he  automatic  map  reader  in  their  lap  during  flight.  The 
accuracy  of  the  system  is  not  only  dependent  on  the  input  of  the  Doppler  navi¬ 
gation  system,  but  also  on  how  well  the  aviator  aligns  his  paper  map  with  the 
map  reader.  The  automatic  map  reader  has  considerable  potential  for  improving 
navigation  in  existing  aircraft  that  have  Doppler  sensor  or  similar  position 
measurement  sensors.  When  examined  in  light  of  the  increased  accuracy  and 
reduced  workload  requirements  for  small  crew  stations  of  future  lightweight 
aircraft,  the  automatic  map  reader  is  not  considered  a  very  viable  option, 
especially  in  a  single-crew  cockpit. 

F.  GRAPHIC  NAVIGATION  DISPLAYS. 

Another  feasible  approach  for  displaying  navigational  information  in 
future  Army  aircraft  is  the  graphic  navigation  display  system  similar  to  the 
one  provided  for  the  Army's  new  scout  helicopter  (0H-58D).  This  system  com¬ 
bines  the  input  from  an  updated  Doppler  navigation  sensor  system  with  a 
graphic  display  to  provide  the  pilot  with  navigational  information  on  the 
aircraft's  multifunction  displays  (figure  7).  The  system  reportedly  will  be 
more  accurate  and  have  the  capability  to  store  more  waypoints  than  the 
currently  fielded  LDNS . 
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Figure  7.  Graphic  navigation  display. 
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The  graphic  navigation  display  approach  provides  a  display  that  is  unclut¬ 
tered  with  nonessential  information  and  allows  the  aviator  to  rapidly  deter¬ 
mine  his  relative  location  with  respect  to  this  planned  flight  path.  The 
aviator  must,  however,  still  mentally  translate  the  graphically  displayed 
information  and  relate  it  to  a  geographic  post  Hon  on  a  paper  map. 

Preliminary  results  of  the  recently  completed  development  test  on  the 
GH-58D  indicate  that  the  graphic  display  approach  Is  superior  to  navigation 
with  the  traditional  hand-held  map. 

Crewmembers  (dual  crew)  were  able  to  navigate  an  NOE  flight  course  in 
about  half  the  time  when  using  the  graphic  display  system  and  a  hand-held  map 
than  when  using  a  standard  map  alone.  It  should  be  noted,  however,  the  course 
flown  during  that  testing  consisted  of  relatively  flat,  open,  and  rocky  desert 
terrain. 

The  OH-58D  navigation  system,  which  includes  a  Doppler  with  an  updated 
heading  reference  system,  like  its  predecessors,  still  requires  periodic  upda¬ 
tes  at  10-  to  15-mlnute  intervals.  The  update  technique  requires  the  aircrew 
to  fly  over  a  predetermined  waypoint,  already  stored  in  the  computer  memory. 

If  the  aviator  chooses  to  update  the  system  by  using  terrain  features  or 
waypoints  not  already  placed  in  the  comDuter  memory,  those  features  must  be 
manually  entered  into  the  system  during  flight. 

The  tests  discussed  above  were  conducted  with  a  two-crew  aircraft  in  which 
the  pilot  flew  the  aircraft  while  the  copilot/ observer  performed  the  naviga¬ 
tion  task.  The  navigator  used  a  hand-held  map  to  confirm  that  the  actual 
location  of  the  aircraft  was,  in  fact,  what  the  navigation  system  was 
reporting  it  to  be  and  to  assist  in  system  updating. 

The  limited  testing  of  the  0H-58D  graphic  display  navigation  system  indi¬ 
cates  it  would  be  an  Improvement  over  the  traditional  approach  to  navigation. 
The  mission  can  be  flown  faster  and  with  more  accuracy  when  using  the  graphic 
navigation  display;  however,  it  still  requires  a  second  crewmember  to  refer  to 
a  hand-held  map  to  validate  that  the  systems  location  information  la  correct. 
Without  the  hand-held  map,  the  aircrew  could  not  be  sure  the  system  is  pro¬ 
viding  the  correct  information.  In  addition,  the  hand-held  map  allows  the 
crew  to  maintain  a  situational  awareness  they  would  not  otherwise  have.  The 
graphic  display  appears  to  be  a  viable  option  for  a  two-crew  aircraft,  but  not 
for  a  single-pilot  aircraft.  Unfortunately,  test  data  do  not  exist  that  com¬ 
pare  the  graphic  display  with  the  FMD  or  LDNS  navigation  systems. 

G .  DIGITAI.  GENERATED  NAVIGATION  SYSTEMS. 

The  latest  technology  in  navigation  systems  involves  the  use  ot  computer¬ 
generated  maps  and  displays.  The  Defense  Mapping  Agency  (DMA)  has  the  capa¬ 
bility  to  digitize  terrain  elevation  and  planimetrlc  data  that  can  be  placed 
In  the  memory  of  an  onboard  aircraft  flight  computar.  The  flight  computers, 
supplemented  with  aircraft  movement  information  from  censors  like  those  used 
In  tiie  Doppler  navigation  system  can,  in  turn,  produce  a  map-like  image  on  -1 
multifunction  display  In  the  crewstation.  A  number  of  avionics  contractors 
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have  ongoing  programs  to  design,  evaluate,  and  provide  digital-generated  navi¬ 
gation  systems.  One  such  system  is  the  night  navigation  and  pilotage  system 
(NNAPS)9  under  development  by  the  Army  Avionics  Research  and  Development 
Activity  (AVRADA)  (figure  3).  These  systems  have  the  potential  capabilities 
to: 

(1)  Generate  a  digitally-based  topographic  nap. 

(2)  Integrate  inputs  from  aircraft  navigation  sensors  and  flight 
instruments  to  dynamically  plot  the  aircraft  position  during  flight. 

(3)  Automatically  update  the  navigation  sensor  data  using  terrain 
correlation  techniques. 

(4)  Provide  a  horizontal  situation  map  display. 

(5)  Provide  a  vertical  situation  view  of  simulated  terrain. 

(6)  Allow  the  user  to  annotate  the  map  display  with  locally  obtained 
information  (wire/obstacles,  enemy/friendly  forces,  and  checkpoints)  before 
the  flight. 

(7)  Allow  the  user  to  annotate  the  map  display  during  flight  and 
store  that  information  in  computer  memory. 


(8)  Allow  the  user  to  select  the  type  and  amount  of  information  to  be 
displayed  (declutter). 

(9)  Provide  the  capability  to  calculate  and  display  Information  con¬ 
cerning  the  unobstructed  line  of  sight  or  intervisibility  between  the  aircraft 
and  other  objects. 
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The  replacement  of  the  map  in  the  crewstation  instrument  panel,  similar  to 
that  of  the  PHD,  in  itself  Is  a  significant  improvement  but  only  one  applica¬ 
tion  of  the  full  potential  of  the  digital  data  base.  The  capability  of  the 
aircrew  to  interact  with  the  disp5ay  and  data  base  is  equally  important.  With 
a  computer-generated  navigation  display,  the  aircrew  has  the  potential  to 
optimize  the  displayed  information  to  meet  the  changing  mission  requirements. 
The  map  scales  may  be  changed  as  desired.  The  aviator  can  change  the  map 
display  orientation  to  one  that  fits  the  mission.  Horizontal  or  vertical 
views  of  the  terrain  may  be  selected  as  desired  and  information  concerning 
threat  and  friendly  forces  could  be  overlayed  on  the  display  to  provide  an 
overall  awareness  of  the  batt'efieid  situation. 

For  example,  the  aviator  c'-  tld  observe  data  from  a  horizontal  viewpoint  in 
which  the  displayed  information  is  presented  like  tnat  normally  seen  when 
locking  at  a  standard  n»r  (figure  3).  A  perspective  or  vortical  situation 
view  of  terrain  ahead  of  the  aircraft  could  also  be  selected.  The  displayed 
scene  would  look  much  like  that  observed  when  looking  through  the  crewstation 
windscreen  during  low— level  flight  (figure  9).  If  desirea,  the  scene  could  bo 
moved  ahead  to  assess  the  terrain  obstacles  and  known  threats  over  the  next 
hill  or  obstacle.  The  flight  plans,  including  threat  information,  can  be 
overlayed  on  the  vertical  or  horizontal  display  tc  make  the  aviator  aware  of 
the  cvrrent  situation. 
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Much  like  the  FMD,  the  digital  nap  could  be  annotated  by  a  computer  inter¬ 
face  within  the  aircraft  or  a  preplanning  station  in  the  unit  operations 
center. 

From  the  crewstation  workload  aspect,  it  is  expected  that  the  digital  map 
display  should  be  at  least  as  effective  as  the  PMD  and  hopefully  more  effec¬ 
tive.  Limited  simulation  studies  have  indicated  the  feasibility  of  placing 
the  digital  map  display  in  the  crewstation,  but  the  workload  or  crew  attention 
required  has  not  yet  been  established.  Simulation  and  flight  evaluations  of 
the  system  are  expected  to  continue  during  1985. 

The  effectiveness  of  the  digital  map  navigation  system  is  very  much  depen¬ 
dent  on  the  existence  and  quality  of  the  DMA-digitized  topographic  data  base. 
Within  the  next  decade,  the  Digir.al  Land  Mass  System  (DLMS)  is  expected  to  be 
used  for  the  majority  of  the  requests  for  digital  mapping  products.'*-®  The  DLMS 
data  base  currently  consists  of  the  digital  terrain  elevation  data  (DTED)  and 
digital  feature  analysis  data  (DFAD).  The  DTED  specification  provides  terrain 
elevation  data  within  a  130-meter  horizontal  circular  error  and  +30  meters 
vertical.  DFAD  provides  radar  significant  feature  data  at  similar  accuracies. 
Radar  significant  features  include  objects  with  high  contrast  that  can  be 
detected  by  radar.  Most  area  features  must  be  at  least  500  feet  by  500  feet 
to  be  in  the  data  base  with  the  exception  of  some  power  lines  and  towers  that 
have  a  bright  radar  signature.  Information  on  drainage,  vegetation,  urban 
area,  bridges,  and  power  lines  are  currently  available,  but  features  like 
roads  and  railroads  have  not  yet  been  incorporated  in  the  data  base.  The 
current  available  data  base  does  not  appear  to  be  comprehensive  enough  to 
completely  meet  Army  aviation  needs  on  the  future  battlefield.  The  DMA  has  an 
ongoing  effort  to  improve  the  accuracy  and  expand  the  data  base  as  require¬ 
ments  evolve.  Those  improvements  are  necessary  if  the  ful'  capability  of  the 
digital  data  base  navigation  systems  is  to  be  realized. 

A  second  area  of  concern  with  a  digital  map  system  is  the  considerable 
computer  memory  needed  to  store  and  manipulate  the  data  base  during  a  typical 
mission.  Significant  improvements  in  flight  computer  processing  capability 
will  be  required  to  allow  all  the  potential  advantages  of  the  digital  map 
technology  to  be  effectively  applied  in  Army  aircraft. 

Digitally  generated  navigation  displays,  if  they  operate  as  advertised, 
should  be  at  lease  as  effective  as  PMDs  in  providing  map-like  information  to 
the  aircrew.  In  addition,  they  should  provide  a  capability  to  declutter  the 
display  and  the  option  to  view  the  terrain  ahead  from  either  a  horizontal  or 
vertical  perspective.  The  annotation  capability  during  preflight  and  flight 
appears  to  be  equivalent  to  that  of  the  PMD.  One  major  advantage  of  the 
digitally-generated  data  base  over  the  PMD  would  be  in  the  area  of  automati¬ 
cally  updating  the  navigation  sensor  information  and  automatic  terrain 
avoidance.  In  theory,  the  digitally-generated  data  base  could  be  used  for 
that  purpose,  but  based  on  the  availability,  accuracy,  and  content  of  toe 
currently  available  data  base  information,  that  feature  may  not  be  available 
when  the  LHX  is  initially  developed. 
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Limited  ainulation  and  analytical  assessments  indicate  that  digital  map 
display  systems  do  have  the  potential  for  providing  the  much  needed  navigation 
and  situation  awareness  improvements,  in  both  dual  and  single  crew  aircraft. 
The  ultimate  payoff  for  the  LHX  is  considerable  if  technology  reaches  suf¬ 
ficient  maturity  within  the  LHX  development.  The  flight  hardware  developed  to 
date  provides  limited  capabilities  of  a  horizontal  view  of  the  terrain  but  not 
the  vertical  perspective.  The  true  system  advantages  and  any  resultant  impact 
in  aircrew  attention  or  workload  cannot  be  determined  until  flight  systems 
have  been  assembled  and  tested  in  the  helicopter  environment. 


H.  SUMMARY  AND  CONCLUSIONS. 


Ths  success  of  Army  aviation  on  the  future  battlefield  Is  much  dependent 
on  the  ability  of  the  aircrew  to  rapidly  place  their  aircraft  in  the  correct 
tactical  location.  Accurate  navigation  in  raid-  to  high- intensity  conflicts  is 
extremely  Important  in  accomplishing  a  tactical  mission.  Studies  and 
evaluations  of  the  relationship  between  human  performance  and  currently 
fielded  navigation  systems  reveal  a  number  of  disparities  that  result  in  less 
than  the  desired  level  of  mission  success.  This  performance  is  due,  in  part, 
to  a  number  of  factors,  including  loss  of  perspective,  map  design,  equipment 
sensors,  and  display  designs.  Evaluation  of  newly  developed  and  available 
navigation  systems  indicates  that  those  systems  enhance  the  present  capability 
to  navigate  on  today* a  battlefield,  but  further  improvements  are  needed  if  the 
maximum  effectiveness  of  Army  aircraft  capabilities  are  to  be  realized. 


Based  on  the  data  discussed  in  this  analysis,  the  traditional  hand-held 
map,  the  Doppler/numcric  display  systems  and  graphic  display  systems  appear  to 
be  less  accurate  and  require  too  much  visual  attention  on  the  aircrew's  part 
to  provide  the  mission  effectiveness  necersary  for  the  LHX  fleet. 

The  PMD/remote  map  reader,  which  has  been  tested  and  flown  in  operational 
aircraft,  improves  upon  the  current  systems  by  taking  the  traditional  map 
information  out  of  the  aviator's  lap  and  placing  it  on  a  display  in  the 
instrument  panel  of  the  aircraft.  In  tests  conducted  so  far,  an  aircrew  of 
two  can  navigate  the  mission  terrain  more  rapidly  with  less  required  visual 
attention  on  the  part  of  the  navigator  than  was  required  with  previous  naviga¬ 
tion  systems.  The  system  doest  however,  require  much  of  the 
copilot/navigator's  visual  attention  (28  percent)  to  monitor  the  progress 
along  the  flight  path  and  update  the  system  approximately  every  10  to 
IS  minutes.  This  diverts  much  of  the  copilot/navigator' s  time  from  other 
mission  tasks.  This  may  not  be  a  major  concern  in  a  dual-crew  aircraft,  but 
in  a  single  crewmember  aircraft,  the  visual  workload  associated  with  the  navi¬ 
gation  task  would  have  a  considerable  impact  on  the  mission  effectiveness. 


The  digital  map  display,  because  of  its  inherent  flexibility,  provides 
greater  potential  for  mission  success  in  the  LHX  than  the  projected  map 
system.  This  system  has  been  tested  in  simulators  but  has  not  yet  been  flight 
tested.  The  visual  attention  required  for  the  digital  map  system  will  hope¬ 
fully  be  less  than  that  with  the  projected  map  diaplay,  but  it  is  expected 
that  the  aircrew  will  still  have  to  devote  considerable  time,  with  their  head 
inside  the  cockpit,  viewing  and  obtaining  information  from  the  panel-mounted 
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digital  map  display.  Again,  in  a  tvo-creu  aircraft,  this  is  not  as  critical 
as  in  a  single-crew  aircraft.  In  the  single-crew  LHX,  the  visual  workload 
associated  with  a  panel-mounted  navigation  display  could  still  ha,re  a  con¬ 
siderable  impact  on  mission  effectiveness.  The  presentation  of  essential 
navigation  data  to  the  pilot  in  a  manner  that  does  not  require  bringing  his 
eyes  inside  the  crewstation  should  help  reduce  that  impact.  The  optimal  use 
of  heads  up  and  helmet-mounted  displays  and/or  voice  interactive  devices  to 
provide  that  information  should  be  explored.  In  addition,  if  the  digital  map 
system  is  to  meet  its  full  potential,  enhancing  the  accuracy  and  content  of 
the  available  digital  data  base  must  be  pursued  to  assure  it  is  available  for 
the  LHX. 

NOE  navigation  requires  continuous  orientation  on  the  part  of  the  flight 
crew  by  identifying  terrain  features  along  the  flight  path  and  correlating 
them  with  information  on  the  navigation  map  or  display.  This  is  a  formidable 
task,  even  under  ideal  conditions  during  the  day.  at  night  and  during  periods 
of  low  visibility,  it  becomes  more  difficult.  The  LHX,  to  be  successful  on 
the  future  battlefield,  therefore  requires  a  navigation  system  that  will 
assure  the  aircraft  will  be  at  the  right  place  at  the  right  time.  From  the 
human  factors  viewpoint,  both  the  remote  map  reader  and  digital  map  displays 
can  provide  an  increased  capability  over  current  systems  and  appear  tc  meet 
the  minimum  requirements  for  the  dual-crew  aircraft.  The  digital  maps  tech¬ 
nology  lias  the  potnetial  to  provide  the  better  system  f-.-om  a  soldier-machine 
interface  point  of  view  due  to  its  increased  flexibility.  For  a  single-crew 
LHX,  the  presentation  of  navigation  information  on  a  display  in  the  aircraft 
could  very  well  be  toe  demanding  on  the  part  of  the  aviator's  visual  attention 
at  terrain  flight  levels.  While  flying  missions  at  terrain  flight  levels,  the 
single  crewmember  should  devote  as  much  visual  time  outside  the  crewstation  as 
possible.  Navigation  information  should  therefore  be  provided  to  the  aviator 
in  a  way  that  allows  him  to  keep  his  eyes  outside  the  crewstation  during  that 
phase  of  flight. 

If  the  goal  for  a  single-crew  LHX  is  to  be  accomplished,  a  high  priority 
must  be  placed  on  the  improvement  of  navigation  sensor  accuracy  and  the  avail¬ 
ability  and  accuracy  of  digital  data  base  information.  Simulation  and  flight 
test  studies  to  specifically  address  the  most  effective  means  of  providing 
navigation  information  to  the  aircrew  are  also  needed  to  reduce  the  con¬ 
siderable  amount  of  aviator  attention  now  devoted  to  that  task  and  enhance  the 
LHX  combat  mission  ef fectivaness. 
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DISPLAYS  FOR  AVIATION  SYSTEMS 

R-XI-1.  Reproduced  on  the  following  pages  is  the  report: 
Integration  of  Voice  and  Visual  Displays  for  Aviation  Systems 
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SUMMARY 

The  unique  visual  requirements  that  occur  when  a  helicopter  pilot 
operates  an  aircraft  at  high  speeds  close  to  the  ground  requires  that 
the  cockpit  designer  reevaluate  the  traditional  methods  of  information 
presentation.  Current  advances  in  cockpit  display  technology  are  in  the 
direction  of  information  being  piaseated  on  multi-function  cathode  ray 
tube  (CRT)  displays  which  are  accessed  via  key  press  input.  Multi¬ 
function  displays  enable  cockpit  designers  to  design  systems  that 
present  much  more  information  while  using  less  panel  space  than  required 
for  conventional  analog  instruments.  This  increase  o*  presented 
information,  coupled  with  the  manual  access  requirement,  can  overload 
the  pilot 'a  visual  and  motor  channels. 

A  current  approach  to  the  problem  of  potentially  overloaded  visual 
and  motor  channels  is  to  use  voice  output  and  voice  input  technology  to 
supplement  visual  output  and  motor  input.  There  is  the  potential  for 
leas  than  optimal  voice  technology  implementation  unless  care  is  taken 
by  cockpit  designers.  In  addition,  there  are  several  unique  problems 
that  arise  when  information  ia  presented  simultaneously  in  two 
modalities  (visual  and  auditory).  The  issues  that  surround  the  use  of 
multi-modal  information  displays  should  be  researched  carefully  so  that 
their  implementation  in  the  cockpit  does  not  result  in  increased  pilot 
workload.  In  tnia  paper  we  discuss  the  evolution  of  cockpit  displays, 
and  how  voice  technology  might  best  be  employed  to  reduce  pilot 
workload.  A  brief  summary  of  some  of  the  research  conducted  in  our 
laboratory  examining  the  integration  of  these  multi-modal  displays  will 
also  be  presented. 


INTRODUCTION 


A  pilot  cap  be  considered  both  a  systems  coordinator  and  a  flight 
path  manager.  More  specifically,  a  pilot  is  a  decision  maker.  The 
pilot  receives  input  from  the  aircraft  systems  (in  the  form  of  displays 
and  gauges),  the  outside  world  (what  is  seen  through  the  windscreen), 
and  the  vehicle  dynamics  (tactile,  vestibular,  and  proprioceptive  feed¬ 
back),  and  processes  this  information.  Outputs,  in  the  form  of  control 
manipulations,  are  the  result  of  tie  decisions  made  with  regard  to  these 
three  source?  of  input.  The  pilot's  output,  of  course,  changes  the 
three  sources  of  input,  thus  creating  an  "information  processing  loop". 

The  result  of  restricting  the  information  that  the  pilot  receives 
from  any  of  these  sources  of  input  is  fairly  predictable.  If  any  of 
the  sources  are  degraded  the  pilot  will  try  to  maintain  the  same  level 
of  information  input  by  attempting  to  extract  additional  information 
from  the  remaining  sources.  For  example,  a  pilot  suddenly  flying  into 
"dverae  we.* t her  will  quickly  switch  his  attention  from  the  oucside  scene 
to  the  ins. fument3.  Conversely,  a  pilot  descending  to  Nap-of-the-Earth 
(NCE)  ale  tudea  and  flying  at  high  speeds  will  tend  to  concentrate 
almost  tr  ally  on  the  outside  scene  so  as  to  avoid  obstacles,  and  of 
necessity  ignore  the  instruments.  In  the  extreme,  with  no  instruments 
or  outsi.ee  scene,  a  pilot  will  rely  on  the  vehicle  dynamics  input  and 
fly  "seat  of  the  pants". 

One  of  the  most  rapidly  changing  areas  of  new  aircraft  design  has 
been  the  cockpit.  From  very  early  simple  cockpit  layouts,  the  amount 
and  typ  !f  of  information  presented  to  the  pilot  have  increased 
dramatically.  There  have  been  two  main  reasons  for  this  proliferation 
of  cockpit  information:  the  availability  of  new  display  technology  zr,d 
the  development  of  aircraft  that  had  to  be  flown  closer  to  the  edges  cf 
their  design  envelopes  to  accomplish  their  missions.  Modern  high 
perfonnar  e  military  airplanes  are  much  lass  forgiving  than  the  biplanes 
with  which  we  began  the  aviation  age;  the  modern  aircraft  requires  more 
detailed  control  on  the  part  of  the  pilot  because  the  margin  for  error 
is  so  much  smaller,  therefore,  as  the  aircraft  performance  ranges  began 
increasing  there  was  a  need  for  more  and  more  information,  thus  more  and 
more  for  ‘he  pilot  to  process. 

One  attempt  to  address  the  problem  of  more  information  being 
presented  in  the  cockpit  was  to  increase  the  crew  size.  The  trans¬ 
oceanic  Clippers  of  the  late  193Q's  and  1940's  had  a  crew  of  five, 
therefore  more  eyes  in  the  cockpit.  On  the  ether  hand,  the  modern  B-747 
has  fewet  crew  members  but  has  what  appears  to  the  non-pilot  as  a 
baffling  number  of  dials  and  switches.  However,  many  of  the  aircraft 
system  indicators  have  been  reduced  to  warning  bells,  buzzers,  and 
Hghcs.  This  represents  a  second  attempt  to  address  the  problem: 
reducing  tne  level  of  detail  and  the  information  output  mode  while  still 
increasing  the  total  number  of  systems  for  which  information  is 
available  to  the  c.ew.  This  second  attempt  led  to  a  proliferation  of 
alert  indicators,  an  increase  from  300  to  750  from  the  B-707  to  the  B- 
7«»7  ( Veitengruber ,  Boucek,  and  Smith,  19  ’C). 


The  requirement  to  have  more  information  available  to  che  pilot 
coup! ,'l  with  the  lack  of  additional  cockpit  real  estate  has  culminated 
in  the  type  of  cockpit  that  is  found  in  the  F-18.  This  "state-of-the- 
art"  cockpit  has  three  multi- function  CRT  displays,  an  array  of  light 
emitting  diodes,  and  very  few  conventional  gauges.  A  potential  problem 
with  multi-function  CRT  displays  is  that  rather  than  just  having  to 
remember  where  to  look  on  the  panel  for  the  appropriate  information  that 
he  might  went,  the  pilot  must  first  remember  a  code  sequence  and  then 
enter  the  correct  key  presses  to  obtain  the  needed  information  on  the 
display.  In  the  ra^e  of  the  F-18  there  are  over  675  three  letter 
acronyms  that  can  appear  on  the  CRTs.  The  Nighthawk  version  of  the 
Sikorsky  UR-60,  developed  for  the  USAF  by  IBM,  has  brought  the  F-18 
cockpit  technology  into  the  rotary  wing  area.  In  both  cases,  visual 
clutter  has  been  reduced,  but  at  the  expense  of  a  large  increase  in 
"cognitive  clutter". 

Pilots  have  usually  been  able  to  adjust  to  the  changing  sources  of 
input«  new  cockpits,  new  and  faster  airframes,  more  demanding  missions. 
The  military  solution  to  the  changing  information  processing 
retirements  has  been  to  improve  pilot  training.  We  are  tow, 
unfortunately,  approaching  the  point  where  the  pilot;  rather  than  the 
hardware,  is  becoming  the  limiting  factor  in  mission  success.  In 
particular,  current  helicopter  missions  often  involve  low  altitude,  high 
speed  flying,  following  terrain  below  tree  top  level  and  through  valleys 
rather  than  ever  them.  This  type  of  mission  is  called  Nap-of-the-Earth 
(NOS)  flying.  NOE  flight  is  demanding  under  the  best  of  climatic 
conditions  and  extremely  demanding  when  attempted  under  conditions  of 
night,  adverse  weather,  or  enemy  threat.  Because  the  pilot  at  the 
controls  is  primarily  concerned  with  avoiding  the  obstacles  that 
tu •‘round  the  aircraft  he  has  little  spare  visual  processing  capacity  for 
monitoring  the  aircrafc  systems.  The  co-pilot,  who  normally  monitors 
the  aircraft  ay3tems  for  the  pilot,  is  also  very  Dusy  trying  to  navigate 
-  no  simple  task  in  the  NCS  environment.  Sustained  periods  of  NOE 
flight,  even  in  clear  weather  during  daylight,  are  extremely  taxing  to 
both  crew  members. 

The  information  processing  demands  placed  on  the  military 
helicopter  ,ilot  are  carried  to  the  extreme  in  the  AH-64  (Advanced 
Attack  Helicopter).  In  this  aircraft  the  pilot  is  attempting  to  fly  NOE, 
at  night  and/or  in  adverse  weather,  while  viewing  the  out3ide  world  via 
a  display  generated  by  a  Forward  Looking  InfraRed  (FLIR)  camera.  This 
sensor  scene  is  projected  on  a  miniaturized  cathode  ray  tube  (CRT) 
mounted  in  front  of  the  pilot’s  right  eye.  The  CRT  has  symbolic 
aircraft  systems  and  targeting  information  superimposed  over  the  40 
degree  field  of  view  of  the  outside  world.  The  pilot's  information 
input  in  this  scenario  is  severely  restricted  in  terms  of  both  the 
aircraft  systems  information,  and  in  his  view  of  the  outside  world. 
Adverse  weather  and  enemy  proximity  exacerbate  the  problem  and  the 
cossibility  exists  that  the  pilot's  information  processing  capability 
can  be  overloaded.  With  current  visual  display  technology  alone,  this 
type  of  operation  -  day/night,  adverse  weather,  NOE  flight  becomes  very 
demanding.  The  addition  of  multi- funct ion  disylays  and  remote  sensor 
viewing  systems  to  our  current  helicopters  may  increase  the  visual  and 
cognitive  processing  requirements  on  an  already  overloaded  pilot. 
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Current  Army  requirements  call  for  examining  the  feasibility  of  a 
single-pilot  scout  helicopter  for  the  1990's  time  frame.  While  a 
single-pilot  aircraft  eliminates  crew-coordination  problems  and  makes 
possible  a  smaller,  lighter  aircraft,  the  current  heavy  visual  and  motor 
workload  may  reach  intolerable  levels  when  shifted  to  one  pilot. 

The  problem  for  the  pilot  is  in  receiving  the  correct  systems 
information  at  a  rate  that  enables  him  to  make  timely  decisions  to 
insure  successful  flight  path  management.  The  intensive  visual  demands 
on  the  pilot  required  by  the  tactics  of  NOE  flight  at  night  and  in 
adverse  weather  and  his  need  to  monitor  aircraft  system  Indicators  have 
suddenly  and  dramatically  come  into  conflict.  It  is  necessary, 
therefore,  for  co<  -nit  designers  to  consider  other  than  conventional 
visual  technology  fu-  system  information  presentation. 


APPLICATION  OF  SPEECH  TECHNOLOGY  IN  THE  COCKPIT 

With  the  development  of  low  cost,  lightweight,  reliable  electronic 
voice  display  and  contrcl  technology  in  the  late  1970's  there  has  been 
an  impetus  for  human  factors  research  to  determine  whether  some  of  the 
traditional  visual  and  motor  human  information  transfer  functions  of  low 
level  or  NOE  helicopter  flight  and  navigation  can  be  transferred  to  the 
vocal  and  auditory  channels.  The  military  services  have  begun  several 
programs  to  investigate  voice  technology.  The  Air  Force  has  contracted 
for  a  research  effort  with  General  Dynamics  to  investigate  the  use  of 
voice  technology  in  the  F-16,  and  the  Navy  has  been  funding  a  similar 
effort  with  Grumman  for  use  in  the  F-14  as  well  as  investigating  the 
implementation  of  a  voice  system  in  the  F-18.  Concurrent  with  the  Army's 
needs,  NASA-Ames  Resecrch  Center  has  recognized  the  need  to  investigate 
voice  technology  (both  voice  recognition  and  speech  synthesis)  for 
military  and  civilian  helicopter  operation!  which  are  now  associated 
with  high  visual  workload.  These  operations  include,  but  are  not 
limited  to,  search  and  rescue,  off-shore  drilling  operations,  forestry, 
crop  dusting,  and  emergency  medical  evacuation.  NASA-Langley  Research 
Center  has  also  recently  embarked  on  a  program  investigation  of  voice 
input  for  general  aviation  aimed  at  the  single  pilot  IFR  mission. 

Voice  Command  Input .  Automatic  Speech  Recognition  (ASR)  is  achieved 
by  comparing  incoming  utterances  with  a  set  of  previously  stored 
templates  (one  for  each  word  in  the  ^vocabulary) ;  the  computer  then 
selects  the  closest  match.  The  greater  the  similarity  between  the 
spoken  word  and  one  of  the  templates  and  the  greater  its  dissimilarity 
from  the  other  stored  templates,  the  move  likely  it  is  that  a  correct 
match  will  be  made.  Most  ASR  technology  available  today  is  speaker 
dependent.  This  means  that  each  user  must  form  hia  or  her  set  of 
templates  by  speaking  each  word  that  the  device  must  recognize  into  a 
microphone  which  provides  input  to  the  ASR  equipment.  These  reference 
templates  are  then  stored  for  future  use  during  recognition. 

Most  ASR  devices  currently  being  considered  for  airborne  use  are 
restricted  to  discrete  utterances.  Therefore,  a  user  must  pause  between 
each  word  spoken  for  approximately  100  ms.  to  aid  in  the  endpoint 
detection  of  each  word.  This  means  that  the  user  can  not  speak 
conversationally  to  this  type  of  ASR  device. 


There  are  also  unique  vocabulary  size  constraints  inherent  with 
each  voice  recognizer.  First,  there  is  a  hardware  limit  to  the  number  of 
words  a  device  can  recognize  (usually  between  100  and  200  words). 
Second,  regardless  of  the  hardware  limitations,  the  larger  the 
vocabulary,  tne  more  templates  the  machine  has  to  chose  from,  thereby 
increasing  the  probability  of  misrecognitions .  Use  of  syntax  subsetting 
can  potentially  alleviate  many  of  the  vocabulary  size  problems. 

The  helicopter  cockpit  environment  makes  the  accomplishment  of 
accurate  ASR  more  difficult  because  of  the  harsh  operating  environment. 
A  variety  of  environmental  factors  such  as  noise,  vibration  and  heat  as 
wall  aa  psychological  and  physiological  factors  such  as  stress,  fear, 
and  fatigue  impinge  upon  the  successful  recognition  functioning  of  an 
ASR  device.  However,  studies  over  the  last  several  years  in  our 
laboratory  in  which  ASR  devices  have  been  tested  in  simulated  heli¬ 
copter  noise  and  vibration  environments,  as  well  as  in  flight  with  both 
fixed  and  rotary  winged  aircraft,  have  yielded  encouragingly  high 
recognition  accuracy  rates  (Coler,  1932;  Simpson,  Coler,  &  Huff,  1982; 
Kersteen,  1982;  Voorhees,  Marchionda  &  Atchison,  1982,  Coler,  1964). 
Tests  recently  concluded  on  connected  word  recognizers  have  also  been 
encouraging  (Coler,  1984). 

Voice  Output.  Speech  output  technology  falls  essentially  into  two 
categories:  synthesized  (synthesis-by-rule)  and  digitized  (synthesis-by- 
analysis)  speech.  Each  of  thece  techniques  are  discussed  below. 

Most  commercially  available  speech  synthesis  devices  employ 
synthesis -by-rule  schemes  using  formant  resonators.  A  formant  resonator 
speech  synthesizer  models  the  human  vocal  tract  and  can  reproduce  the 
approximately  40  phonemes  which  comprise  the  English  language. 
(Phonemes  are  the  smallest  units  of  speech  that  serve  to  dirtinguiah  one 
utterance  or  word  from  another  in  a  given  language).  These  phonemic 
units  of  speech  are  then  concatenated  into  words,  phrases  and/or 
sentences  according  to  a  set  of  rules  which  take  into  account  various 
linguistic  and  acoustic  constraints , as  well  as  predictable  variations. 
Current  speech  synthesis  technology  tends  to  produce  rather  mechanical 
sounding  speech.  Listeners  will  often  perceive  a  foreign  accent  in  the 
speech  produced  by  a  synthesizer.  In  our  laboratory,  we  have  recently 
finished  collecting  data  comparing  different  human  accents  with  the 
"accent"  of  a  speech  synthesizer  (Simpson,  1984).  Preliminary  analysis 
supports  the  contention  that  human  listeners  rate  synthesized  speech  as 
being  "accented"  to  the  same  degree  and  on  the  same  dimensions  as 
accented  human  speech. 

Speech  digitization  (synthesis-by-analysis)  is  accomplished  by 
converting  analog  speech  signals  into  digital  format  and  then  storing  it 
in  computer  memory.  There  is  a  trade-off  involved  with  digitizing 
speech.  The  number  of  bits  used  to  recreate  the  speech  can  be  raised  or 
lowered.  Lowering  the  bit  rate  obviously  takes  up  less  memory'  but  the 
quality  of  speech  is  also  degraded.  Raising  the  bit  rate  improves  the 
quality  of  the  speech  to  be  nearly  indistinguishable  from  analog 
recorded  human  speech,  but  at  the  cost  of  a  large  amount  of  memory. 
Therefore,  the  user  must  decide  on  an  appropriate  compromise  for  a 
particular  application.  Techniques  such  as  Linear  Predictive  Coding 
(LPC)  which  is  used  by  the  U.S.  Government  for  vocoders,  can 
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substantially  lower  the  delivery  bit  rate  while  maintaining  a  high  level 
of  "humanness"  of  the  speech. 

For  the  potential  uae  in  a  helicopter  cockpit,  synthesised  speech 
may  be  more  versatile  than  digitized  speech.  First,  by  virtue  of  the 
fact  that  synthesized  speech  sounds  mechanical  it  functions  effectively 
as  a  voice  warning  system  since  it  stands  out  against  the  background 
radio  communications  ongoing  in  the  cockpit.  Simpson  (1982)  reports 
that  a  high  fidelity  representation  of  human  speech  enunciating  a 
warning  message  might  very  easily  blend  with  other  communications, 
whereas  a  more  mechanical  sounding  speech  will  stand  out.  This 
perceptual  salience  of  synthesized  speech  wss  also  reported 
subjectively,  by  the  helicopter  pilots  that  served  as  subjects  in  a 
recent  study  (Voorhees,  Bucher,  Huff,  Simpson,  and  Williams  1983). 

Another  characteristic  which  could  make  a  phoneme  based  synthetic 
speech  system  more  versatile  is  that  vocabulary  size  does  not  affect 
memory  size  requirements.  Whereas  digitized  speech  systems  require  each 
Individual  word  to  be  stored  in  memory,  synthetic  speech  systems  have  a 
virtually  unlimited  vocabulary  since  only  the  40  individual  phomemes  are 
scored.  In  effect,  digitized  speech  provides  a  high  fidelity  speech 
output  similar  to  Cape  recording,  but  with  a  tape  recorder's 
limitations,  in  that  for  any  message  to  be  spoken  the  words  that 
comprise  it  must  be  stored  in  memorv.  While  synthesized  speech  might 
offer  a  more  versatile  spiech  output  because  it  is  capable  of  delivering 
any  message  vocabulary  with  only  software  input  it  may  not  have  the 
sound  quality  of  a  human  speaker  as  does  Che  digitized  speech  system. 

The  type  of  speech  system  which  is  optimal  for  cockpit  applications 
depends  not  only  cn  the  type  of  information  output  desired,  but  also  on 
the  other  ongoing  cognitive,  perceptual,  and  motor  demands  on  the  pilot. 
When  a  pilot  receives  information  via  a  voice  message,  several  steps  are 
involved  between  the  reception  of  the  physical  waveform  that  is  the 
speech  message  and  Che  pilot's  comprehension  of  the  message  (Simpson, 
1983).  First,  he  must  notice  Chat  someone  or  something  is  speaking  to 
him;  this  is  the  detection  step.  Next  he  must  direct  his  attention  to 
the  speech  -  the  selective  attention  step.  Then  he  must  correctly 
perceive  the  speech  sounds  that  make  up  the  words  of  the  message;  this 
is  the  copy  step  in  the  sense  of  "copying"  an  ATC  clearance.  At  this 
stage  the  pilot,  if  askeo.  could  recite  the  message.  Note  that  he  does 
not  necessarily  have  to  know  what  the!  message  as  a  whole  means  to  do 
this.  When  the  pilot  extracts  a  meaning  from  the  message  -  the 
comprehension  step  -  he  then  can  be  said  to  have  understood  the  message. 
Finally,  in  order  to  use  the  information  conveyed  by  the  message  at  a 
later  time,  the  pilot  must  have  stored  and  be  able  to  retrieve  the 
information  content  of  the  message.  Proposed  applications  of  different 
electronic  voice  output  systems  for  use  in  aircraft  cockpits  must  be 
evaluated  in  terms  of  their  capability  to  enhance  these  different  steps 
in  message  processing.  Deciding  what  voice  output  system  to  use  based 
on  the  "humanness"  quality  of  its  speech  output  is  the  wrong  approach  to 
solving  the  cockpit  information  output  problem. 

It  should  be  emphasized  that  the  addition  of  voice  output  in  the 
cockpit  should  not  intended  to  replace  the  visual  display  of 
Information.  Rather  it  should  be  used  to  help  reduce  the  extreme  visual 
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workload  of  current  helicopter  missions  by  alerting  pilots  to  tine 
critical  items  as  well  as  providing  necessary  flight  information  upon 
request.  However,  pilots  must  still  be  able  to  scan  their  instruments 
for  an  overall  status  check  of  conditions.  The  goal  of  any  cockpit 
information  system,  regardless  of  its  organization  or  specific 
components,  is  to  provide  the  pilot  with  the  maximum  amount  of 
information  transfer  under  conditions  of  minimum  cognitive  effort. 
Flight  under  difficult  or  threatening  conditions  will  always  be 
extremely  demanding  of  human  resources.  The  more  efficient  the 
communication  of  information  to  the  pilot,  the  more  resources  he  will 
have  for  executing  his  primary  task  of  flight  path  management  and  fjor 
coping  with  emergency  events  when  they  arise.  Definitive  data  are 
needed  on  the  optimum  visual  display  design  which  can  be  Integrated  with 
voice  display  of  information  to  reduce  the  information  processing 
demands  of  current  and  future  rotorcraft  operations. 


INTEGRATION  OF  INFORMATION  DISPLAYS  IN  THE  COCKPIT 

The  availability  of  the  new  voice  and  visual  display  technology  for 
helicopter  cockpit  designers  could  create  some  of  the  same  problems  of 
how  to  apply  these  systems  as  have  other  recent  technological  advances 
such  as  CRTs  and  multi- function  displays.  The  temptation  can  exist  for 
the  designer  to  use  advances  in  technology  in  a  wide  variety  of 
applications  just  because  they  are  new  and  available.  This  can  lead  to 
a  situac^on  in  which  parts  of  a  display  system  function  well  when 
evaluated  by  themselves  in  a  laboratory  or  a  simulator  but  are  not 
efficient  when  used  as  parts  of  an  integrated  information  system  within 
a  flight  mission  context.  Multi-function  keys  associated  with  a  CRT  are 
a  very  efficient  way  of  providing  access  to  a  large  amount  of 
information  while  using  only  a  limited  amount  of  panel  space  -  but  their 
usefulness  to  a  pilot  flying  NOE  with  both  hands  working  controls  while 
looking  outside  the  cockpit  is  questionable. 

A  similar  situation  could  occur  with  voice  technology. 
Incorporating  talking  altimeters,  talking  radar  warning  devices,  talking 
fuel  gauges,  talking  caution/warning  panels,  etc.,  will  turn  the 
cockpit  into  a  bedlam  of  auditory  messages.  On  the  input  side, 
installing  voice  controlled  radio  tuners,  voice  controlled  navigation 
aids,  voice  controlled  target  acquisition  systems,  etc  ,  in  the  cockpit 
will  result  in  the  pilot's  having  to  train  several  different  types  of 
recognition  equipment  each  with  its  own  vocabulary. 

One  solution  to  this  possibility  for  misapplication  of  new 
technology  is  a  single  voice  recognition  and  speech  delivery  syatem, 
integrated  with  the  visual  display  and  manual  input  systems.  Optimizing 
and  implementing  visual  displays  and  voice  input/output  syBtems 
independently  may  not  solve  the  problems  of  cognitive  and  perceptual 
overload  currently  experienced  by  the  helicopter  pilot.  Careless 
application  of  these  new  technologies  may  result  Ir  an  increase  in  pilot 
workload.  Only  by  careful  integration  of  these  multi-modal  information 
systems  can  information  overload  be  reduced.  All  cockpit  informational 
subsystems  should  be  interfaced  to  a  single  system  and  a  reasonable 
priority  logic  designed.  The  voice  system  must  become  a  part  of  an 
integrated  cockpit  where  visual  output,  voice  output,  manual  input,  and 
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voice  commend  Input  operate  together  coherently  (Voorhees  &  Kersteen, 
1983). 

There  ere  specific  characteristics  associated  with  visual  and  voice 
output  displays  that  must  be  considered  when  integrating  these  multi¬ 
modal  systems.  Visual  displays  present  information  almost 
instantaneously,  and  have  a  very  fast  update  rate.  Information  presented 
visually  can  convey  a  great  deal  of  information  with  a  relatively  simple 
presentation  -  as  with  a  symbol.  The  use,  however,  of  some  presentation 
formats  such  ss  long  strings  of  text  or.  a  CRT  can  require  long  scan  and 
processing  times.  Also,  If  the  pilot  is  not  visually  monitoring  the 
display  (a  task  which  takes  his  attention  away  from  the  flight  task), 
information  can  come  and  go  unnoticed  by  the  pilot.  The  presentation  of 
vicual  information  can  be  very  unobtrusive  and  therefore  non-distracting 
but  this  means  that  information  may  be  present  for  some  time  before  it 
is  noticed. 

Speech  displays,  on  the  other  hand,  are  very  attention  demanding 
and  therefore  they  can  be  obtrusive.  While  this  obtrusiveness  of  speech 
displays  means  that  a  pilot  will  almost  surely  detect  that  there  has 
been  output  there  is  the  possibility  that  an  ongoing  higher  priority 
task  will  be  interrupted.  While  speech  output  of  information  that  is 
normally  presented  visually  can  reduce  visual  processing  loads,  there 
could  be  an  increase  in  the  already  high  auditory  processing  demands. 
Speech  messages,  because  of  their  sequential  nature,  are  very  dependent 
on  the  listener  hearing  every  part  of  the  message  if  it  is  to  be 
correctly  understood.  However,  because  speech  is  a  well  learned 
cognitive  code,  a  great  deal  of  sophiscated  encoding  can  be  done  with  a 
relatively  short  message.  Finally,  speech  displays  while  they  can  only 
be  processed  one  at  a  time,  have  the  advantage  of  being  omnidirectional 
-  that  la  message  reception  is  not  dependent  on  the  orientation  of  the 
pilot's  head. 

When  correctly  integrated,  speech  and  visual  cockpit  displays 
could  provide  a  dual  output,  system  in  which  speech  output  would  focus 
immediate  attention  on  the  highest  priority  information  and  the  visual 
output  would  serve  as  continuous  backup  for  a  quick  scan  of  the  total 
situation.  Integrated  displays,  however,  unless  they  are  carefully 
designed  can  exacerbate  processing  constraints  present  in  either  visual 
and  speech  displays  alone.  Two  of  ths  most  apparent  problems  with 
Integrated  displays  are:  display  priority  and  temporal  veridicality . 

1.  Display  Priority.  Visual  displays,  if  properly  designed,  can 
display  more  than  one  item  of  information  simultaneously;  speech 
displays  can  only  present  one  item  of  information  at  a  time.  Most 
visual  displays,  however,  do  not  attempt  to  order  information  by 
importance;  this  task  is  left  to  the  pilot.  Speech  displays  u,ust  output 
information  by  priority  if  they  are  co  be  effective.  This  system 
priority  logic,  if  done  properly,  can  offload  the  decision  making  task 
from  the  pilot,  thus  saving  him  time.  But  this  increased  level  of 
sophistication  from  the  display  system  requires  higher  levels  of 
"intelligence"  on  the  part  of  the  system. 

2.  Temporal  Veridicality.  Ideally  a  display  syefem  should  never 
confuse  the  pilot.  It  must  always  give  him  the  most  up-to-date 


information  possible.  Visual  displays,  because  of  their  almost 
instantaneous  nature,  ran  change  rapidly  enough  to  give  time  veridical 
information.  Speech  systems,  because  of  the  time  required  to  articulate 
a  message,  may  lag  behind  actual  events,  particularly  if  the  messages 
are  stored  and  delivered  as  strings  of  words.  This  creates  a  difficulty 
with  integrated  displays  because  the  visual  and  speech  displays  may  be 
giving  conflicting  information.  The  temporal  inconsistency  could  cause  a 
pilot  to  lose  confidence  in  an  integrated  display  system  (Simpson, 
1983). 

We  have  been  investigating  the  integration  problem  in  a  series  of 
full  mission  simulations.  The  first  of  these  was  the  Speech  Command 
Auditory  Display  System  (SCADS)  experiment.  The  next  was  the  Voice 
Interactive  Electronic  Warning  System  (VIEWS)  project  which  was  done  in 
response  to  a  request  by  the  Army  Aircraft  Survivability  Program 
Manager.  These  studies  have  been  presented  elsewhere  and  are  briefly 
described  below.  A  third  mission  simulation  in  which  voice  and  visual 
display  systems  are  investigated  is  being  developed  and  will  be  carried 
out  at  the  completion  of  a  series  of  part-cask  experiments. 

Speech  Command  Auditory  Display  System  (SCADS) 

Building  on  much  of  the  voice  input/output  and  visual  displays  work 
done  within  our  laboratory,  the  Speech  Command  Auditory  Display  system 
(SCADS)  mission  integration  simulation  was  conducted  (Voorhees  et.  al., 
1982).  This  study  compared  the  use  of  voice  recognition  and  speech 
synthesis  with  visual  displays  in  a  helicopter  simulation.  Fourteen 
non-pilot  subjects  were  tested  on  a  computer  graphic  task  simulation  of 
NOE  flight  using  three  different  types  of  instrument  display  formats. 
Subjects  were  tested  in  ten  sessions  (one  per  week)  maneuvering  a 
helicopter  symbol  through  a  mare  of  obstacles  displayed  on  a  picture 
system  graphics  screen.  This  maze  task  (Simulated  Helicopter  Abstract 
Mission  Simulation  -  SHAMSIM)  was  developed  to  provide  subjects  with  a 
functional  representation  of  NOE  flight  (Huff  and  Voorhees,  1984). 
Information  on  airspeed,  altitude,  and  torque  (power  setting)  was 
necessary  for  optimum  performance  on  the  task.  These  flight  parameters 
were  presented  by  either  conventional  dial  gauges  (control  group),  a 
head-up  display  (HUD)  located  on  the  graphics  screen  around  the  maze,  or 
a  voice  command-speech  synthesis  system.  All  subjects  received  training 
for  four  weeks  using  the  conventional  dial  gauges.  Matched  groups  were 
then  formed  and  tested  for  three  weeks.'  At  the  end  of  the  seventh  week, 
the  ten  subjects  were  again  given  the  conventional  dials  and,  along  with 
the  four  subjects  in  the  control  group,  tested  for  an  additional  three 
sessions.  Analysis  of  the  performance  showed  a  significant  difference 
on  the  seventh  week  performance,  with  the  HUD  and  the  speech  group 
performing  better  than  the  control  group,  and  the  speech  group 
performing  better  than  the  HUD  group. 

This  study  allowed  us  to  confirm  some  of  our  hypotheses  on  how  to  use 
speech  input/output  systems  effectively  in  helicopter  cockpits.  The 
subject's  attention  shift  while  using  the  conventional  dials  did  not 
result  in  significantly  more  obstacle  hits,  rather  it  was  manifest  in 
slower  speeds  through  the  maze.  This  finding  corralated  with  reports  of 
how  helicopter  pilots  tend  to  respond  to  visual  overloading  in  the 
actual  flight  environment.  The  helicopter  pilot,  when  confronted  with 
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Che  visual  overload  of  NOS  flight,  slows  down  In  an  attempt  to  minimize 
the  visual  conflict,  with  the  priority  of  obstacle  avoidance.  The 
subjects  who  were  using  the  speech  output  system  reported  difficulty  in 
determining  rate  information.  The  voice  system  could  only  respond  with 
the  exact  unitary  reading  at  the  time  it  was  queried,  l.e.  "20  knots". 
What  the  subjects  seemed  ro  want  was  predictive  rate  information  on 
acceleration  or  deceleration  so  they  repeatedly  requested  a  parameter  - 
i.e.  "Airspeed"  -  "20  knots",  "Airspeed"  -"18  knots",  "Airspeed"  -  "17 
knots".  This  confirmed  our  asnertion  that  voice  output  cannot  be 
effectively  used  as  a  one-to-one  replacement  for  analog  visual 
information  (Voorhees,  Marchondia,  £<  Acthinson,  1982). 


Voice  Interactive  Electronic  Warning  System  (VIEWS) 

This  second  of  a  series  of  cockpit  integration  studies  conducted 
vithin  our  laboratory  was  designed  to  examine  the  use  of  an  Integrated 
visual  and  speech  display  for  a  threat  warning  system.  The  study  was 
conducted  with  seven  military  helicopter  pilots  performing  the  SHAMSIM- 
lased  functional  NOE  flying  task.  Added  to  the  SHAMSIM  task  was  a 
secondary  task  of  trying  to  avoid  enemy  radar-guided  gun  and  missile 
systems.  This  research  project  (Voorhees,  et.al.,  1983)  was  an  initial 
attempt  to  solve  the  display  priority  and  temporal  veridicality  problems 
of  an  integrated  system.  Pilots  were  given  one  day  of  training  with  the 
visual  symbols  and  speech  messages  to  be  displayed  by  the  experimental 
Radar  Warning  Receiver  (RWR).  After  RWR  training  all  subjects  received 
training  with  flying  the  SHASMSIM  task  without  threats  present.  On  the 
oecond  day  the  pilots  were  required  to  fly  the  task  with  a  "low"  level 
of  threats.  The  level  of  threats  increased  each  day  during  the  week  of 
testing  aa  one  independent  variable.  Voice  type  was  nuripulated  as  the 
second  Independent  variable:  female,  male,  and  phoneme  synthesized 
speech  were  digitized  using  a  Texas  Instruments  (TI)  Portable  Analysis- 
Synthesis  System  (PASS)  and  delivered  to  the  pilots  with  a  TI  Speech 
Education  Module  (SEM)  system.  (This  hardware  was  used  to  replicate  the 
experimental  system  being  evaluated  for  the  Army.)  A  fourth  voice 
condition  -  no  voice  -  was  used  to  counterbalance  the  design.  On  the 
third  and  fourth  days  of  testing  various  failure  modes  were  introduced 
during  the  experimental  runs:  voice  system  failure,  visual  system 
failure,  and  total  system  failure. 

The  development  of  a  complex  »  output  priority  logic  largely 
eliminated  the  problems  of  temporal  veridicality  and  display  priority. 
In  brief,  this  logic  eliminated  all  message  queueing  and  updated  each 
word  of  the  three  word  message  just  prior  to  it  being  spoken.  This  logic 
also  implemented  a  message  update  feature  called  a  "coda"  at  the  end  of 
a  message  that  had  been  spoken  while  the  real  time  situation  was 
changing.  This  coda  eliminated  the  need  to  repeat  a  whole  message  to 
give  an  up-to-date  output.  A  special  symbol  was  developed  ("message 
being  spoken"  pointer)  which  was  displayed  on  the  visual  display  screen 
directly  under  the  visual  symbol  that  the  speech  message  was  addressing. 
Thus  the  pilot  always  knew  which  visual  symbol  the  speech  display  was 
talking  about.  This  pointer  helped  in  reducing  uncertainties  concerning 
the  temporal  verdicaiity  of  the  integrated  display. 
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It  was  also  determined  that  while  pilots  could  use  either  the 

visual  or  speech  systems  individually  for  successful  avoidance  of  radar 
guided  threats,  they  prefered  to  have  both  systems  working  together. 
Some  individual  aifferences  were  noted  in  the  pilot's  preference  of 
visual  or  speech  information  output,  and  our  laboratory  is  currently 
exploring  this  phenomena  to  see  it  there  is  a  possible  link  between  this 
preference  and  cpatial  V3  verbal  learning  preferences  (Voorhees,  et  al, 
1983). 

FUTURE  RESEARCH 

Early  in  our  research  program  investigating  integration  of  displays 
we  identified  three  major  areas  of  information  transfer  that  had  the 
highest  priority  for  integrated  voice/visual/motor  cockpit  information 
systems.  These  three  categories  of  information  are  essential  for  pilot 
survival,  and  therefore  should  have  priority  for  multi-modal  information 
display  integration. 

1. Aircraft  internal  status  information  -  fuel,  operation  limits 
(temperatures  and  pressures),  ar.d  warning  and  caution  information. 

2 . Immediate  external  flight  environment  -  wires,  ground  obstacles, 
or  other  aircraft. 

3 .Threat  situation  -  detection  by  enemy  radar,  laser,  or  optical 
tracking  equipment. 

The  first  category  -  status  information  -  was  investigated  at  a 
very  basic  level  in  the  SCADS  experiment.  The  category  of  enemy  threats, 
while  uniquely  a  military  problem,  has  been  dealt  with  extensively  on 
the  VIEWS  project.  Work  continues  on  several  part  task  studies  examining 
features  such  as  warning  me<.  sage  length,  alerting  prefixes, 
incorporating  speech  output  to  supplement  the  tones,  and  the  most 
appropriate  visual  output:  symbols,  words,  acronyms,  or  icons.  The  next 
full  scale  integration  experiment  currently  being  planned  will  examine 
these  three  areas  of  critical  information  transfer  in  further  detail 
within  a  single  simulation  framework. 

CONCLUDING  REMARKS 

Voice  input/output  technology  can  be  a  viable  adjunct  to  visual 
display  output  and  motor  input.  However,  the  current  visual  and  motor 
information  systems  in  the  cockpit  need  to  be  improved.  Also,  merely 
adding  voice  technology  to  existing  displays,  or  trying  to  replace 
visual/motor  displays  with  voice  technology  on  a  one-to-one  basis  can 
create  problems  for  the  pilot.  The  difficulty  is  that  the  fundamental 
questions  of  how  a  pilot  should  interact  with  his  information  systems 
have  not  been  answered  for  the  new  mission  requirements  that  we  have 
placed  on  the  pilot.  We  should  address  the  questions  of  what 

information  is  necessary,  and  when  it  is  necessary,  before  we  begin 
designing  how  to  deliver  the  information.  There  will  be  continuing 
interest  from  design  engineers  to  implement  technology  as  soon  as  it  is 
electronically  feasible,  but  unless  the  fundamental  questions  are 
answered,  and  the  integration  issues  are  addressed,  the  result  can  be 
information  display  systems  that  will  not  be  useful  to  the  pilot  or  will 
add  to  his  workload. 
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Annex  R-XII  to  Appendix  R 
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R-XII-1.  The  report,  "Theory  and  Measurement  of  Human  Workload" 
is  reproduced  on  the  following  pages.  The  report  was  prepared  by 
Sandra  G.  Hart  of  the  NASA-Air.es  Research  Center,  Moffett  Field, 
CA. 
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THEORY  AND  MEASUREMENT  OF  HUMAN  WORKLOAD 
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Sandra  G.  Hart 
Nasa-Ames  Research  Center 
Moffett  Field,  CA 

INTRODUCTION 

Performing  ar.y  task  has  a  "cost"  that  can  be  conceptualized  in  terms  of 
resources  consumed,  inability  to  perform  alternative  activities,  or  operator 
workload.  The  cost  to  system  hardware  of  performing  its  part  in  a  mar.-machine 
•ystem  can  be  operationally  defined  and  measured  objectively.  For  example, 
computer  memory  or  fuel  consumed,  mechanical  strain,  or  rate  of  throughput 
reflect  the  load  placed  on  a  machine.  Although  other  variables  such  as  envi¬ 
ronment  or  maintenance  might  affect  this  value,  their  influence  can  be  pre¬ 

dicted  and  quantified.  Furthermore,  machines  cannot  perceive  the  task  require¬ 
ments  any  other  way  than  literally;  individual  biases  or  strategies  are  not 
possible,  and  every  response  is  overt,  predetermined  by  the  system  architecture. 

This  is  not  the  case  for  measuring  the  cost  of  task  performance  to  a  human 
operator,  however.  Operator  workload  has  been  the  topic  of  research  and  debate 
for  decades.  Although  the  term  has  intuitive  meaning  for  most,  a  precise 
definition  has  eluded  both  scientific  and  engineering  communities.  Candidate 
definitions  and  models  may  be  distinguished  by  where  they  locate  the  source  of 
workload  in  a  man-machine  system,  which  variables  are  included,  and  the  measure¬ 
ment  tools  recommended.  There  is  equally  little  agreement  about  how  workload 

might  be  measured  and  why  one  would  want  to  do  so.  The  goals  of  workload 

research  efforts  range  from  developing  or  testing  techniques  and  theories,  to 
assessing  workload  in  an  existing  system,  predicting  it  in  an  proposed  system, 
or  modifying  unacceptable  levels.  Although,  it  is  assumed  workload  is  a 
measurable  entity,  accumulated  information  resembles  the  proverbial  descrip¬ 
tions  of  an  elephant  provided  by  blind  men  touching  its  body,  tail  and  trunk; 
each  description  is  correct  (given  the  restricted  information  available  to  each 
evaluator  and  information-gathering  constraints  imposed  by  their  blindness),  yet 
none  suffices  to  fully  describe  the  animal  nor  to  predict  how  it  might  function. 

This  chapter  describes  what  is  known  about  the  locus  of  human  workload,  how 
it  might  be  measured,  what  influences  it,  and  why  it  is  of  theoretical  and 
practical  concern.  Typical  definitions  and  motives  for  measuring  and  predicting 
workload  are  reviewed  to  illustrate  the  wide  range  of  phenomena  that  have  been 
considered  relevant.  A  theoretical  structure  is  proposed  that  relates  and 
integrates  factors  within  tasks,  operators,  and  environments  that  create  or 
influence  workload.  Three  different,  but  related,  attributes  of  workload  are 
distinguished  and  described  in  some  detail:  the  demands  imposed  on  a  man-machine 
system,  its  response  to  them,  and  the  subjective  experiences  of  operacors. 
Next,  five  classes  of  procedures  that  have  been  used  to  predict  and  measure 
workload  are  described  and  evaluated:  (1)  subjective  ratings,  (2)  primary  task 

performance,  (3)  secondary  task  performance,  (4)  physiological  recordings,  and 
(5)  analytic  procedures.  The  selection  and  application  of  appropriate  tools  to 
predicting  or  assessing  imposed  workload,  system  performance,  or  the  behavior 
and  experiences  of  operators  are  reviewed  in  a  final  section. 

WHY  MEASURE  WORKLOAD? 

Setting  aside  the  problem  of  definition,  for  the  moment,  it  is  appropriate 
to  discuss  why  there  is  a  continuing  theoretical  and  practical  interest  in  a 
something  as  ephemeral  as  "workload".  Even  though  a  precise  and  parsimonious 
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definition  has  proven  elusive,  most  people  have  the  intuitive  feeling  that  3uch 
a  phenomenon  exists,  and  that  it  is  an  important  limitation  to  both  twstem 
Performance  and  operator  acceptance  (Johanssen,  et  al,  1979).  There  are  three 
major  motives  for  workload  analysis*  (1)  Prediction  of  workload  for  systems  or 
procedures  that  do  not  yet  exist;  (2)  Assessment  of  workload  in  existing  sys¬ 
tems;  and  (3)  Modification  of  unacceptable  levels  of  workload.  The  three  are 
related,  obviously,  and  reflect  many  of  the  same  underlying  principles.  Yet, 
measurement  techniques  that  are  valid  and  practical  for  or.e  may  not  be  for 
another  and  different  questions  and  problems  require  different  procedures.  For 
example,  techniques  appropriate  for  predicting  workload  necessarily  focus  on 
imposed  workload  and  are  most  effectively  applied  early  in  development,  before  a 
design  is  finalized  or  placed  into  production.  Assessment,  on  the  other  hand, 
is  conducted  on  existing  or  simulated  systems,  and  is  accomplished  by  measuring 
system  responses  and  operator  experiences.  Modification  may  involve  identifica¬ 
tion  of  a  workload  problem  (by  observation,  empirical  testing,  or  prediction), 
predicting  the  effects  of  one  or  more  solutions,  implementing  one,  and  then 
evaluating  the  results  empirically.  This  may  require  a  combination  of  different 
techniques  and  levels  of  analysis. 

System  Performance 

Practical  questions  about  whether  operators  can  handle  the  detrends  placed 
on  them  under  normal  and  abnormal  circumstances  provide  the  primary  motivation 
for  workload  analyses  in  operational  environments.  As  the  hardware  and  software 
of  advanced  systems  have  become  increasingly  reliable,  the  capabilities  of  the 
operators  have  not  changed.  Thus,  the  performance  and  reliability  of  the  system 
as  a  whole  is  limited  by  the  behavior  and  reliability  of  human  operators.  There 
is  no  simple  relationship  between  workload  and  performance,  however,  even 
though  the  typical  motive  for  measuring  workload  is  to  predict  performance. 

Then,  why  not  measure  performance  directly,  especially  since  it  can  be  measured 
relatively  more  easily  than  workload?  The  answer  is  that  a  high  level  of 
performance  can  be  maintained  as  task  demands  and  mental  workload  gradually 
increase  -  -  right  up  to  the  point  where  operators'  abilities  are  exceeded  (or 
they  lower  their  performance  standard)  and  performance  deteriorates.  Thus,  the 
workload  "reserve"  of  an  operator  under  one  set  of  circumstances  might  predict 
what  would  happen  if  task  demands  were  increased  still  further,  serving  as  a 
better  predictor  of  future  performance  than  measures  of  current  performance. 

Design  tradeoffs 

It  is  particularly  difficult  to  predict  the  workload  and  performance  of 
systems  that  do  not  yet  exist  or  for  tasks  that  will  be  performed  in  novel 
environments.  Such  predictions  are  required  during  the  normal  design  process  4 

to  insure  that  the  projected  crew  complement  will  be  able  to  accomplish  mission 
requirements  long  before  operational  systems  exist  for  empirical  testing.  Crew 
workload  must  not  only  be  acceptable  on  the  average,  but  this  must  be  true  for 
each  crewmember  individually  throughout  the  time  on  duty,  as  well.  Evaluating 
the  workload  imposed  by  different  equipment,  procedures,  requirements,  or  envi¬ 
ronments,  allows  designers  to  make  intelligent  choices  among  control  or  display 
design  alternatives.  By  refering  to  existing  systems  and  extrapolating  from 
models  of  human  behavior,  some  sources  of  loading  likely  to  cause  operational 
problems  can  be  identified  and  solutions  posed.  For  example,  scheduling  changes 
may  solve  some  problems,  whereas  modifying  the  format,  source,  or  complexity  of 
information  or  the  locus  of  control  (man  or  machine)  may  solve  others. 

A  man-machine  system  might  be  regarded  as  an  organism  with  sensors,  effec¬ 
tors,  and  intelligence  having  resources  that  can  be  dynamically  and  optimally 
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employed  without  distinction  among  living,  mechanical,  or  electronic  compo¬ 
nents.  The  most  capable  or  least  loaded  resource  (human  or  machine)  should 
assume  responsibility  for  specific  tasks  depending  on  the  reserve  capacities  of 
all  available  system  components.  If  the  momentary  workload  of  one  operator  is 
•ufficiently  great,  another  resource  might  be  directed  to  unburden  him  (by 
engaging  an  automatic  system,  involving  an  additional  operator,  or  providing 
different  information).  In  order  for  such  an  adaptive  system  to  be  realised,  it 
requires  flexibility  in  system  design  and  the  ability  to  measure  "instantaneous" 
operator  workload  in  the  operational  setting. 

Certification  for  Operational  Readiness 


For  systems  that  transport  the  public,  such  as  aircraft,  certification  by  a 
third  party  such  as  a  government  agency  is  required.  This  agency  reviews  engi” 
neering  data  provided  by  manufacturers  about  hardware  and  procedures  and  moni¬ 
tors  part-task  and  full-mission  testing  to  determine  whether  the  vehicle  car. 
be  operated  safely  with  acceptable  levels  of  operator  workload.  In  a  recent 
controversy  over  the  certification  of  several  commercial  aircraft  to  operate 
with  two-man  crews,  the  desire  of  manufacturers  and  airlines  to  reduce  opera¬ 
tional  costs  conflicted  with  labor  considerations  and  raised  concerns  over 
safety.  A  Presidental  Task  Force  was  convened  to  review  the  evidence  (McLucas, 
Drinkwater,  &  Leaf,  1981).  Although  safety  records  demonstrated  that  two  crew¬ 
members  can  operate  as  safely  ae  three  (suggesting  that  automation  has  reduced 
crew  workload  enough  to  eliminate  the  need  for  a  third  crewmember),  a  third 
crewmember  might  provide  an  extra  margin  of  safety,  relieving  other  crewmembers 
during  periods  of  high  workload  or  when  unexpected  events  occur.  Much  of  the 
debate  focused  on  how  pilot  workload,  particularly  mental  workload,  might  be 
assessed.  It  became  clear  that  the  ambiguity  of  definition  and  lack  of  stan¬ 
dardized  objective  measures  constituted  a  practical  problem  in  answering  ques¬ 
tions  and  resolving  the  conflicts  that  arose. 

Operator  variables 

Another  motivation  for  measuring  workload  concerns  the  goals  and  job  satis¬ 
faction  of  individual  operators.  Humans  have  interests  beyond  optimization  of 
traditional  indices  of  system  performance  (Rouse,  1979).  Thus,  their  physical, 
emotional,  and  mental  state  and  willingness  to  perform  assigned  activities 
(compared  to  their  ability  to  do  so)  are  relevant  concerns.  Workload  and  job 
satisfaction  may  not  b<»  directly  related.  For  example,  few  pilots  might  wish  to 
return  to  a  fully  manual  flight  mode,  but  most  would  prefer  to  retain  some 
physical  and  mental  involvement  in  controlling  an  aircraft.  Exercising  skills 
and  performing  difficult  tasks  may  lead  to  personal  satisfaction,  while  passive¬ 
ly  monitoring  the  system  might  cause  stress  and  dissatisfaction.  Operator- 
related  variables  may  be  reflected  in  economic  decisions  (e.  g.,  aircraft  certi¬ 
fication  and  aircrew  contract  negotiations),  the  long-term  health  of  operators, 
acceptable  working  schedules,  and  criterion  for  selecting  operators. 

Training  considerations 

Ordinary  experiences  suggest  that  task  demands  and  required  effort  seem  to 
decrease  with  practice.  Furthermore,  a  change  in  how  tasks  are  performed  may 
occur  as  proficiency  increases,  so  operator  workload  may  change  qualitatively  as 
well  as  quantitatively.  It  appears  that  skill  level,  developing  "automatic" 
behaviors,  coordinating  previously  unrelated  activities,  and  the  level  of 
workload  experienced  are  related.  Establishing  objective  evidence  for  and 
measurement  of  this  is  necessary  to  design  training  programs  for  new  or  exis¬ 
ting  systems  or  transitioning  from  one  version  of  a  system  to  another.  Training 
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requirements  are  an  important  consideration  in  advance  of  operational  testing  of 
a  new  system,  as  veil.  For  example,  training  may  be  more  difficult  for  highly 
automated  systems  because  operators  must  learn  two  modes  of  operation  -  -  the 
nominal,  automated  mode  as  well  as  the  manual  backup  mode.  For  some  tasks,  the 
cost  of  the  training  required  to  achieve  acceptable  levels  of  performance  and 
workload  might  be  prohibitive  for  a  proposed  configuration.  Alternative  solu¬ 
tions,  such  as  computer  aiding,  additional  crew  members,  or  revised  hardware  or 
procedures  might  be  considered  early  in  the  design  process  in  such  cases  rather 
than  waiting  until  the  system  is  operational. 

THEORIES  AND  DEFINITIONS 

u'ust  as  there  are  many  motives  fcr  evaluating  or  predicting  workload,  there 
are  many  theories  about  and  conceptualizations  of  the  construct.  To  many  system 
designer*  and  engineers,  workload  is  defined  by  the  task  demands  -  -  literally 
the  "work"  that  is  "loaded"  on  an  operator.  Task  demands  may  be  characterized 
by  the  frequency  and  amplitude  of  control  tasks,  the  number  of  discrete  signals 
or  responses,  or  the  time  required  for  individual  functions.  Task  difficulty 
is  not  always  obvious,  however,  due  to  subjective  and  person-specific  phenomena. 
Furthermore,  it  is  often  inferred  from  performance  measures  that  may  only  re¬ 
flect  variations  in  effort  and  skill  level.  The  temporal  component  has  been 
emphasized  b'  equating  workload  with  "time  pressure"  (i.  e.,  required  versus 
available  rime).  This  formulation  is  the  explicit  basis  of  task  analysis  and 
computer  models  of  human  operators  and  the  implicit  foundation  for  other  ap¬ 
proaches.  It  focuses  on  a  priori  requirements  rather  than  the  behavior  and 
experiences  of  operators.  Task  demands  are  evaluated  empirically  by  measures  of 
performance  and  operator  opinion  and  predicted  by  manipulating  the  values  of 
constants  in  system  models. 

In  operational  environments,  the  focus  is  on  performance;  as  long  as  ade¬ 
quate  performance  is  maintained,  workload  is  of  little  concern.  Deteriorating 
performance,  however,  suggests  that  the  workload  has  exceeded  an  operator's 
capacity.  The  level  of  accomplishment  relative  to  system  goals  is  emphasized. 
As  with  approaches  that  focus  on  task  requirements,  performance-based  analyses 
are  limited  because  operators  may  adopt  different  strategies  or  increase  their 
effort  to  maintain  a  constant  level  of  performance  in  the  face  of  increased  task 
demands.  No  measurable  change  in  performance  may  occur  until  a  critical  level 
of  loading  is  reached.  Thu3,  measures  of  performance  are  not  predictive  of  what 
might  happen  under  a  different  set  of  circumstances. 

Others  conceive  of  workload  in  terms  of  physiological  consequences ,  fo¬ 
cusing  on  arousal  and  stress.  They  measure  physiological  changes  in  heart 
rate,  blood  pressure,  respiration,  galvanic  skin  response,  muscle  tension,  and 
pupil  size.  Although  these  measures  reflect  an  operator's  physiological  activa¬ 
tion,  tl  y  are  each  sensitive  to  influences  other  than  task  demands,  perfor¬ 
mance,  or  effort,  and  have  limited  application  in  predicting  workload  during  the 
design  phases.  In  addition,  they  may  not  be  sensitive  to  some  types  of  task 
demands  or  reflect  the  same  task  variables  that  influence  specific  operators' 
subjective  experiences. 

In  the  tradition  of  ergonomics,  workload  has  been  conceptualized  as  effort, 
particularly  phys leal  effort ,  expended  to  meet  task  demands.  The  focus  is  on 
behavior  rather  than  requirements  or  accomplishments.  An  operator's  output  is 
evaluated  absolutely  or  in  relation  to  his  or  her  supposed  capacity.  Physical 
efforts  measured  by  continuous  cor'rol  activity,  the  rate  and  frenueny  of 
discrete  responses,  the  intensity  of  muscular  movement  and  changes  in  heart 
rate  and  respiration  associated  with  exercise  have  been  equated  with  the  work- 
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loads  of  many  activities.  One  difficulty  in  relating  physical  output  tc  work¬ 
load  is  that  many  repetitive,  overlearned  behaviors  may  be  performed  with  no 
conscious  perception  of  effort  on  the  part  of  the  operator  (Schneider  &  Shif- 
frin,  1977;  Shiffrin  &  Schneider,  1977)  or  distruptive  influence  on  other, 
concurrent  tasks  (Wickens  &  Derrick,  1981).  The  primary  advantage  of  this 
conceptualization  may  be  the  availability  of  "objective"  measures  and  the  possi- 
blity  of  operational  definitions  of  terms. 

More  recently,  workload  definitions  have  emphasized  cognition  and  atten¬ 
tion,  focusing  on  mental  effort  rather  than  physioa!.  This  3r.ift  in  focus 
accompanied  the  introduction  of  automation  into  systems  previously  character¬ 
ized  by  direct  physical  control.  The  structural  proper-ties  and  capacities  of 
information  processing  merr.anisms  that  intervene  between  the  task  requirements 
and  operators'  responses  have  been  studied  extensively.  Workload  has  been 
defined  as  the  degree  to  which  tasks  compete  for  common  processing  mechanisms  or 
structures  and  the  capacity  remaining  to  perform  additional  tasks. 

In  early  models  of  human  information  processing,  a  discrete  number  of 
information  "channels"  were  postulated  with  bottlenecks  or  filters  hypothesized 
at  different  points  between  the  incoming  information  and  the  observed  behavior 
(Broadbent,  1958;  Moray,  1967;  Treisman,  1969).  Within  this  framework,  perfor- 
mance  was  evaluated  by  the  amount  of  information  correctly  processed  from  the 
attended  channel.  Task  difficulty  was  equated  with  the  amount  or  rate  of  infor¬ 
mation  a  subject  was  required  to  process.  Information  was  expressed  in  dimen¬ 
sionless  binary  units  (Bits),  each  representing  a  reduction  in  uncertainty  by 

°ne  half.  Workload  was  defined  as  competition  for  limited  attention  mechanisms 
or  the  cost  of  switching  from  one  focus  of  attention  to  another.  In  later 
structural  models,  serial  or  parallel  stages  of  processing  rather  than  informa¬ 
tion  channels,  were  postulated  (Kantowitz  &  Knight,  1976  a;  b;  Sanders,  1979; 
Sternberg,  1969;  1975).  It  was  assumed  that  each  process  could  be  devoted  to 
only  one  activity  at  a  time,  with  task  elements  competing  for  access  to  limited 
structures.  Performance  was  evaluated  by  measuring  the  time  required  to  complete 
different  tasks  and  task  elements.  An  increase  in  response  time  was  interpreted 
as  evidence  for  additional  processing  stages  or  competition  for  a  single  stage. 

With  resource  or  capacity  models,  the  degree  to  which  different  tasks  could 
share  limited  resources  was  emphasized.  Tasks  were  assumed  to  demand  resources 
from  a  single  undifferentiated  pool  (Kahneman,  1973)  or  from  multiple,  struc¬ 
ture-  specific  pools  (Navon  &  Gopher,  1979;  Wickens  &  Kessel,  1979)  with  limi¬ 
ted  capacity.  Since  different  tasks  require  different  amounts  of  capacity,  a 
hypothetical  quantity  termed  "spare  capacity"  was  postulated  for  tasks  that 
required  less  than  an  operator's  full  capacity.  It  was  assumed  that  resources 
could  be  allocated  (up  to  their  limit)  in  graded  quantities  among  separate 
activities.  Evidence  for  an  undifferentiated  pool  of  resources  came  from  the 
observation  that  tasks  that  appeared  to  have  little  in  common  still  interfered 
with  each  other's  performance  (Kahneman,  1973).  In  fact,  it  was  suggested  that 
an  indivioual's  capacity  to  perform  work  could  vary  as  a  function  of  arousal  or 
motivation  (Kahneman,  1973).  The  more  common  observation  that  some  tasks  inter¬ 
fered  with  each  other  more  than  others  provided  evidence  for  a  multiple  resource 
model.  It  was  postulated  that  different  amounts  and  types  of  resources  are 
required  for  different  tasks  (Navon  &  Gopher,  1979;  Norman  &  Bobrow,  1975). 
Performance  limitations  arise  from  insufficient  resources  in  one  or  more  proces¬ 
ses  that  might  be  differentiated  by  the  modality  of  input  or  output,  stages  of 
processing,  or  code  of  central  processing  (Wickens  &  Kessel,  1979).  Thus, 
different  tasks  generate  patterns  of  mental  load  with  respect  to  different 
resources.  This  suggests  that  multiple  measures  are  required  to  assess  the 
loading  on  different  capacities  (Shingledecker ,  Crabtree,  &  Acton,  1982).  The 


\ 


5 


R-XII-9 


secondary-* task  paradigm,  in  which  an  additional  task  is  superimposed  on  a 
primary  task,  has  been  employed  extensively  to  address  the  question  of  how 
resources  are  constrained  and  allocated.  Secondary  task  performance  is  evalu¬ 
ated  to  estimate  reserve  capacity  available  after  primary  task  performance 
(Bahrick,  Noble,  &  Fitts,  1954j  Ogden,  Levine,  &  Eisner,  1979).  Although  the 
focus  is  on  performance,  operators'  successes  or  failures  in  satisfying  task 
demands  are  used  to  infer  the  underlying  processes. 

Human  minds  are  never  empty  or  idle.  An  operator  occupied  by  the  most 
tedious  and  boring  job  may  have  thoughts  filled  with  complex  and  detailed 
daydreams,  intricate  plans,  or  philosophical  musings  -  -  a  spontaneous  (and 
relatively  invisible)  secondary  task.  Alternatively,  reserve  mental  capacity 
might  be  uoed  for  continuous  monitoring  of  the  surroundings.  As  the  effort 
required  to  perform  a  task  is  increased,  attention  may  be  withdrawn  from  other 
activities  to  be  concentrated  on  it  (Kahneman,  1973).  Thus,  it  might  be  more 
parsimonious  to  characterize  a  tasks'  demands  by  the  degree  to  which  an  opera¬ 
tor's  mental  facilities  are  "captured"  and  devoted  to  achieving  task  goals. 

Parsimony  in  defining  and  modeling  mental  workload  has  fallen  prey  to  the 
same  realities  that  have  complicated  other  attempts  to  model  the  human  mind. 
"Bits"  of  information  have  become  "chunks",  single  channel  concepts  have  evolved 
into  multiple  channel  concepts,  single  bottlenecks  in  the  flow  of  information 
through  the  system  have  become  filters  or  multiple  bottlenecks,  single  serial 
pathways  have  become  many  serial  and  parallel  stages,  and  single  reservoirs  of 
resources  have  become  multiple  reservoirs  in  order  to  explain  behavior  in  the 
simplest  of  experimental  tasks.  This  may  be  distressing,  experimentally  and 
theoretically,  yet  it  is  Just  this  amazing  capacity  and  flexibility  that  re¬ 
quires  human  operators  to  remain  firmly  "in-the-lcop"  in  virtually  all  complex 
systems.  Given  experience,  appropriate  information,  and  task  structuring, 
exceptionally  complex  and  objectively  loading  tasks  can  be  performed  successful¬ 
ly  with  apparently  acceptable  levels  of  workload. 

The  concepts  of  information  processing  channels,  attention,  capacity,  pro¬ 
cessing  stages,  and  pools  of  resources  are  all  mCaphors  for  internal  struc¬ 
tures.  They  are  invoked  to  explain  why  available  information  is  not  processed, 
stored,  nor  acted  upon  and  why  task  requirements  are  not  met.  Unfortunately, 
there  is  no  agreement  about  what  are  the  underlying  structures.  Nevertheless, 
concepts  derived  from  models  of  human  Information  processing  have  intuitive 
appeal  in  the  analysis  of  workload.  They  provide  r.n  organizational  structure 
for  empirical  data  and  allow  theory-based  predictions  about  whether  subtask 
combinations  will  compete  for  limited  physical  or  mental  resources. 

Thus,  it  is  possible  that  many  apparently  unrelated  variables  might  be 
relevant  in  predicting,  measuring,  and  experiencing  workload  and  that  motiva¬ 
tions  for  invoking  the  concept  vary  widely.  Because  of  the  different  uses  of 
the  term  and  the  wealth  of  contributing  factors,  a  conceptual  framework  will  be 
outlined  so  that  different  sources,  modifiers,  and  indictors  of  workload  can  be 
described  and  related.  The  term  "imposed  workload"  will  be  used  to  refer  to 
the  situation  encountered  by  an  operator.  It  is  created  by  task  objectives  arid 
structure,  the  environment,  and  incidental  events  occuring  during  a  given  task 
performance.  The  term  "system  response"  will  be  used  to  refer  to  the  actual 
performance  of  a  task.  It  is  motivated  and  guided  by  the  imposed  demands,  but 
it  reflects  the  perceptions  of  specific  operators  about  task  requirements,  the 
strategies,  effort,  and  systems  resources  used  to  accomplish  these  requirements, 
and  the  physical,  sensory,  and  cognitive  skills  of  the  operators.  Information 
about  system  6tatus  and  control  inputs  inform  operators  whether  they  have  se¬ 
lected  the  correct  strategy  or  are  exerting  sufficient  effort,  allowing  them  to 
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secondary-task  paradigm,  in  which  an  additional  task  is  superimposed  on  a 
primary  task,  has  been  employed  extensively  to  address  the  question  of  how 
resources  are  constrained  and  allocated.  Secondary  task  performance  is  evalu¬ 
ated  to  estimate  reserve  capacity  available  after  primary  task  performance 
(Bshrick,  Noble,  &  Fitts,  1954;  Ogden,  Levine,  &  Eisner,  1979).  Although  the 
focus  is  on  performance,  operators'  successes  or  failures  in  satisfying  task 
demands  are  used  to  infer  the  underlying  processes. 

Human  minds  are  never  empty  or  idle.  An  operator  occupied  by  the  most 
tedious  and  boring  job  may  have  thoughts  filled  with  complex  and  detailed 
daydreams,  intricate  plans,  or  philosophical  musings  -  -  a  spontaneous  ( and 
relatively  invisible)  secondary  task.  Alternatively,  reserve  mental  capacity 
might  be  used  for  continuous  monitoring  of  the  surroundings.  As  the  effort 
required  to  perform  a  task  is  increased,  attention  may  be  withdrawn  from  other 
activities  to  be  concentrated  on  it  (Kahneman,  1973).  Thus,  it  might  be  more 
parsimonious  to  characterize  a  tasks'  demands  by  the  degree  to  which  an  opera¬ 
tor's  mental  facilities  are  "captured"  and  devoted  to  achieving  task  goals. 
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Parsimony  in  defining  and  modeling  mental  workload  has  fallen  prey  to  the 
same  realities  that  have  complicated  other  attempts  to  model  the  human  mind. 
"Bits"  of  information  have  become  "chunks",  single  channel  concepts  nave  evolved 
into  multiple  channel  concepts,  single  bottlenecks  in  the  flow  of  information 
through  the  system  have  become  filters  or  multiple  bottlenecks,  single  serial 
pathways  have  become  many  serial  and  parallel  stages,  and  single  reservoirs  of 
resources  have  become  multiple  reservoirs  in  order  to  explain  behavior  in  the 
simplest  of  experimental  tasks.  Thi3  may  be  distressing,  experimentally  and 
theoretically,  yet  it  is  Just  this  amazing  capacity  and  flexibility  that  re¬ 
quires  human  operators  to  remain  firmly  "in- the -loop"  in  virtually  all  complex 
systems.  Given  experience,  appropriate  information,  and  task  structuring, 
exceptionally  complex  and  objectively  loading  tasks  can  be  performed  successful¬ 
ly  with  apparently  acceptable  levels  of  workload. 


The  concepts  of  information  processing  channels,  attention,  capacity,  pro¬ 
cessing  3tages,  and  pools  of  resources  are  all  metaphors  for  internal  struc¬ 
tures.  They  are  invoked  co  explain  why  available  information  is  not  processed, 
stored,  nor  acted  upon  and  why  task  requirements  are  not  met.  Unfortunately, 
there  is  no  agreement  about  what  are  the  underlying  structures.  Nevertheless, 
concepts  derived  from  models  of  human  information  processing  have  intuitive 
appeal  in  the  analysis  of  workload.  They  provide  an  organizational  structure 
for  empirical  data  and  allow  theory-based  predictions  about  whether  subtask 
combinations  will  compere  for  limited  physical  or  mental  resources. 

Thus,  It  is  possible  that  many  apparently  unrelated  variables  might  be 
relevant  in  predicting,  measuring,  and  experiencing  workload  and  that  motiva¬ 
tions  for  invoking  the  concept  vary  widely.  Because  of  the  different  uses  of 
the  term  and  the  wealth  of  contributing  factors,  a  conceptual  framework  will  be 
outlined  so  that  different  sources,  modifiers,  and  indictors  of  workload  can  be 
described  and  related.  The  term  "imposed  workload"  will  be  used  to  refer  to 
the  situation  encountered  by  an  operator.  It  is  created  by  task  objectives  arid 
structure,  the  environment,  and  incidental  events  occuring  during  a  given  task 
performance.  The  term  "system  response"  will  be  used  to  refer  to  the  actual 
performance  of  a  task.  It  is  motivated  and  guided  by  the  imposed  demands,  but 
it  reflects  the  perceptions  of  specific  operators  about  task  requirements,  the 
strategies,  effort,  and  systems  resources  used  to  accomplish  these  requirements, 
and  the  physical,  sensory,  and  cognitive  skills  of  the  operators.  Information 
about  system  status  and  control  inputs  inform  operators  whether  they  have  se¬ 
lected  the  correct  strategy  or  are  exerting  sufficient  effort,  allowing  them  to 
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modify  their  behavior  and  improve  their  knowledge  and  skills.  The  term  "expe¬ 
rienced  workload"  will  be  used  to  refer  to  the  effect  of  performing  a  task  on  an 
operator.  Operators  may  not  be  aware  of  every  task  variable,  the  processes 
underlying  decisions  and  actions,  or  the  effect  of  different  environmental 
factors.  Thus,  their  experiences  may  not  reflect  all  relevant  factors  (and 
may  Include  some  irrelevant  ones)  and  may  be  influenced  by  preconceptions  about 
workload  and  the  task.  A  clear  distinction  must  be  maintained  between  the  level 
of  workload  a  system  designer  intends  to  impose,  a  aan-m3chine  system's  response 
to  it,  and  the  experiences  of  the  operators.  Workload  occurs  as  a  result  of  a 
specific  man-machine  encounter  (Sanders,  1979).  It  is  a  human-centered  rather 
than  a  task-centered  variable  (Sheridan  &  Stassen,  1979)  end  is,  therefore, 
influenced  by  factors  other  than  task  specifications. 

Imposed  Workload 

Task  Ob lect Ives 

In  general,  human  behavior  is  goal  directed;  actions  are  performed  and 
information  processed  to  accomplish  an  objective.  Goals  may  be  general,  leav¬ 
ing  operators  free  to  select  among  strategies,  actions,  end  solutions  or  impose 
specific  constraints.  Requirements  for  speed,  accuracy,  efficiency,  cr_ativity, 
or  reliability  may  be  defined  by  target  values,  upper  or  lower  limits,  or  an 
acceptable  range.  Task  objectives  influence  the  level  and  type  of  effort  and 

the  prior£ty  assigned  to  task  elements.  Mi  objectively  easy  task  can  be  made 
difficult  by  requiring  greater  speed  or  accuracy,  or  a  difficult  cask  may  impose 
little  workload  if  any  level  is  acceptable. 

Environmental  Variables 

The  operational  environment  in  which  a  task  is  performed  contributes  to 
its  difficulty.  The  physical  environment  is  created  by  the  location  (e.g.  under¬ 
sea,  very  low  or  high  altitudes,  space),  climate  (e.  g.  temperature,  humidity), 
workstation  layout,  noise  and  lighting  levels,  and  threat  from  natural  or  man 
made  sources.  The  social  environment  is  created  by  interactions  among  physical¬ 
ly  present  members  of  a  crew  or  with  others  via  voice,  video,  or  computer  link. 
The  environment's  impact  may  be  indirect  or  direct  and  some  tasks  may  be  impos¬ 
sible  to  perform  in  some  environments  no  matter  how  much  effort  is  exerted.  If 
operators  modify  their  strategies,  performance  criteria,  or  experience  different 
levels  of  stress,  a  task  performed  in  a  non- judgemental  environment  with  no  ego- 
or  life-threatening  consequences  of  poor  performance  may  impose  different  load 
than  the  same  task  performed  in  a  more  threatening  environment.  Tasks  performed 
where  life  support  systems  are  necessary  impose  additional  requirements  inclu¬ 
ding  the  need  to  control  and  maintain  the  environment  (Johnson,  Bershader,  & 
Leifer,  1983).  Although  machines  are  responsible  for  monitoring  and  maintaining 
life-supnort  systems,  they  require  an  operator's  attention  only  if  they  mal¬ 
function,  much  as  the  autonomic  nervous  system  maintains  homeostasis  without 
conscious  attention  or  contr'I.  The  absolute  requirement  that  such  systems 
function  reliably,  however,  makes  them  a  continuing  concern  for  the  human  crew 
and  contributes,  albeit  subtly,  to  workload.  Clothing  designed  to  protect 
operators  from  hostile  environments,  although  necessary,  may  further  increase 
the  difficulty  and  discomfort  of  working  in  life-threatening  environments. 

Task  Structure 

Temporal  orgeni za t ion .  The  organization  and  structure  of  a  task  is  reflec¬ 
ted  in  its  duration,  the  rate  and  order  in  which  task  elements  must  be  perform¬ 
ed,  and  the  degree  to  which  they  can  be  deferred.  For  some  activities,  formal 
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procedures  may  govern  every  aspect,  for  others  the  timing  and  sequencing  are 
left  to  the  operator's  discretion.  Some  subtasks  must  be  done  immediately 
because  they  are  so  important  or  because  they  will  become  difficult  or  impossi¬ 
ble  to  do  if  delayed.  Others  C3n  be  deferred  for  several  minutes  with  no 
performance  decrement,  but  they  must  be  dene  within  a  time  window.  Planning  and 
preparing  fer  future  events  are  required  for  safe  operation,  but  are  not  time 
critical;  they  can  be  deferred  if  highei -priority  tasks  intervene. 

System  designers  assume  there  is  a  minimum  time  required  to  accomplish 
component  tasks  and  to  switch  between  task  elements.  They  define  the  time 
pressure  associated  with  task  performance  as  the  ratio  between  the  time  required 
to  perform  a  task  and  the  time  available  (Sheridan  &  Stassen,  1979).  As  this 
value  nears  unity,  V'orkload  is  assumed  to  increase.  Because  workload  is  deter¬ 
mined  by  the  pacing  of  events  as  well  as  their  complexity,  the  term  time  pres¬ 
sure  has  been  used  interchangeably  with  workload  (Eggemeier,  et  al,  1982;  Parks, 
1979;  Sheridan  &  Simpson,  1979).  However,  time  pressure  is  as  ill-defined  a 
term  as  workload.  Task  duration  by  itself  has  no  necessary  relationship  with 
workload;  it  is  easy  to  imagine  brief  activities  that  impose  extreme  load  or 
very  long  ones  that  impose  little  load.  In  addition,  the  number  of  different 
tasks  performed  within  an  interval  may  or  may  not  relate  to  workload  either, 
depending  on  subtask  characteristics  and  individual  demands.  Some  tasks  may  be 
performed  concurrently  within  the  same  interval  of  time,  whereas  others  may  have 
to  be  performed  sequentially.  In  either  case,  the  intensity  of  effort  exerted 
per  unit  cf  time,  averaged  across  the  task  duration,  is  more  likely  to  influence 
workload  than  the  intervals  between  successive  tasks.  Rather  than  being  an 
objective  quantity,  time  pressure  resides  in  the  eye  of  the  beholder.  Indivi¬ 
dual  differences  lead  some  to  seek  external  time  pressure  to  get  rtarted  on  a 
task  cr  to  relieve  boredom,  whereas  others  cannot  function  under  it. 

System  Resources ■  The  resources  available  in  modern  systems  include  infor¬ 
mation,  hardware  (including  computers),  software,  other  crew  members  and  support 
personnel.  Workload  and  system  performance  rely  on  the  availability  and  relia¬ 
bility  of  these  resources  and  an  operator's  effective  management  and  use  of 
them.  Information  displays  provide  data  for  computations,  decisions,  pre¬ 
dictions,  and  control  input'.  They  may  inform  operators  that  the  system  state 
is  unchanged,  functioning  normally,  or  malfunctioning.  The  effect  of  informa¬ 
tion  displays  on  workload  *.zy  depend  more  on  its  timeliness  and  format  than  on 
the  absolute  amount  available.  For  example,  a  delayed  landing  clearance  may 
decrease  workload  by  resolving  uncertainty  even  if  its  reception  requires  consi¬ 
derable  processing.  Operationally  relevant  information  obtained  each  time  an 
operator  samples  an  instrument  panel  or  communications  channel  is  considerably 
less  than  the  total  information  available.  Not  only  is  the  information  absorbed 
in  related  "chunks",  but  changes  and  deviations  are  perceived  and  processed 
while  status  quo  assurances  are  noted  at  the  most  trivial  level.  For  example, 
the  synchronized  positioning  of  dozens  of  indicators  on  dials  forms  a  well- 
learned  pattern  if  all  systems  are  in  a  nominal  state.  Operators  perceive  this 
pattern  in  a  quick  scan,  rather  than  reading  the  numerical  values  indicated  by 
the  position  of  each  indicator. 

If  displays  present  sums  ry  information  about  mission  segments  and  inte¬ 
grate  relevant  system  elements,  operators  need  perform  only  a  single  task  at  any 
time  -  -  Initiating  well-learned  or  automated  sequences  of  events  or  recognizing 
the  completion  of  one.  If  the  performance  characteristics  of  controls  and 
displays  fit  operators'  mental  models  of  the  system,  then  available  resources 
will  be  used  more  efficiently.  I*.'  they  do  not,  then  they  must  perform  addi¬ 
tional  mental  operations  to  translate  back  and  forth  between  displays  of  actions 
and  their  own  cognitive  representations  of  them  (National  Research  Council, 


1982),  thereby  increasing  workload  and  decreasing  system  efficiency. 

Operator  qualifications 

Systems  are  designed  to  accommodate  most  potential  operators,  and,  when 
procedures  and  training  programs  are  established,  it  is  with  their  capatilitier 
•:nu  previous  experience  in  mind.  Designing  a  system  to  allow  any  operator  to 
manage  it  with  minimal  workload  is  rarely  cost-effective  (in  terms  of  additional 
hardware,  training,  crewmembers,  or  automation)  and  may  be  impossible.  Instead, 
tne  user-population  is  restricted  to  individuals  who  meet  certain  minimum  quali¬ 
fications.  The  selection  criteria  may  be  based  on  formal  education,  physical 
capabilities,  past  experience,  sex,  age,  or  personality  traits,  etc.  In  re- 
8>at.i  settings,  operators  may  be  specialists  who  are  part  of  the  design  team, 
potential  users  of  the  system,  or  a  random  sample  of  the  population  in  general. 
Because  the  completed  system  will  be  managed  by  an  "average"  operator,  it  is 

Important  that  the  skills,  judgements,  and  goals  of  these  individuals  are 
considered  rather  than  relj ing  completely  on  the  preferences  of  uniquely  skilled 
specialists  such  as  test  pilots. 

The  training  requirements  and  selection  criteria  for  operators  may  change 
during  the  transition  from  direct,  operator-controlled  systems  to  predominantly 
automatic  systems.  The  qualitites  associated  with  success  in  one  may  not  be 
appropriate  for  the  other  and  additional  training  many  not  provide  an  adequate 
solution.  If  operators  cannot  be  trained  to  control  an  advanced  system  adequa¬ 
tely,  then  information  displays  and  system  interfaces  might  have  to  be  simpli¬ 
fied  to  allow  new  or  existing  operators  to  meet  minimum  performance  criteria. 

Incidental  Variables 

Tho  issues  raised  in  the  preceeding  section  suggest  intended  or  potential 
load  factors  imposed  on  human  operators.  If  a  situation  is  carefully  control¬ 
led,  the  workload  that  is  actually  imposed  during  a  given  task  performance 
should  be  similar  to  the  intended  level.  If  not,  the  task  (or  the  operator's 
perception  of  it),  might  be  modified  by  unexpected  changes  in  the  environment, 
errors  made  by  the  operator,  or  hardware  malfunctions.  These  may  have  a  momen¬ 
tary  effect  on  workload  or  influence  the  remainder  of  the  task  by  altering  its 
structure  or  organization  (Hart  &  Bortolussi,  1983).  Unexpected  situations  can 
increase  workload  even  if  no  corrective  actioi  is  taken  and  considerable  addi¬ 
tional  effort  may  be  required  to  provide  a  remedy.  If  an  error  disrupts  a 
practiced  sequence  of  behaviors,  completing  the  remaining  task  elements  out  of 
sequence  or  with  conscious  attention  to  details  that  are  normally  accomplished 
automatically  may  increase  workload  substantially,  even  if  no  corrective  actions 
are  taken.  Thus,  incidental  variables  may  modify  a  task  so  th..t  the  workload 
imposed  is  very  different  from  one  time  the  task  is  performed  to  the  next  or 
they  tray  contribute  minor  variations  or  "noise"  to  the  levels  of  load  for 
different  operators.  Their  occurrence  can  be  anticipated  and  computed,  however, 
to  determine  the  envelope  within  which  the  task  could  be  performed  and  to  allow 
a  pos t  hoc  reevaluation  of  the  actual  workload  level. 


System  Response 

Operators  generally  strive  to  achieve  their  perception  of  the  task  require¬ 
ments.  They  compare  current  performance  to  previously  established  standards, 
adopt  more  efficient  strategies,  and  modify  their  behavior  to  improve  or  main* 
tain  performance.  Because  an  operator's  understanding  of  what  he  or  she  is 
expected  to  do  forms  the  basis  for  actions  and  experiences,  this  factor 
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play  an  important  role  in  the  level  of  workload  experienced. 

Operator  Strategies 

Many  tasks  require  particular  strategies  if  good  performance  is  to  be 
achieved  with  acceptable  workload.  For  complex  tasks,  however,  alternative 
behavior  patterns  may  result  in  acceptable  performance,  even  though  not  all  of 
the  alternatives  are  obvious  to  an  operator  or  the  system  designer.  As  opera¬ 
tors  become  familiar  with  a  job,  they  develop  hypotheses  about  tho  structure, 
evolve  strategies  to  adjust  the  level  of  workload,  and  adopt  personal  criteria 
in  addition  to  (or  in  place  of)  those  of  the  task  originator  (Johannsen,  et  al, 
1979).  Strategy  selection  may  depend  on  operators'  general  experiences,  speci¬ 
fic  task  and  system  understanding,  a  desire  uo  capitalize  on  skills  and 
strengths,  or  willingness  to  take  risks.  In  addition,  different  individuals  may 
be  predisposed  to  elect  one  strategy  rather  than  another  resulting  in  differ¬ 
ences  in  workload  and  performance  (Damos,  1984).  The  operator's  strategies  than 
determine  the  system  resources  used,  level  and  type  of  effort  exerted,  interim 
system  performance  goals,  and  information  considered. 

Operator  Behavior 


Operators  exert  effort  in  a  variety  of  ways.  Physical  effort  is  the  easi¬ 
est  to  conceptualize,  observe,  and  measure,  yet  its  importance  in  advanced 
systems  is  diminishing.  Mental  effort  is  inferred  from  the  structure  and  re¬ 
quirements  of  a  task,  changes  in  performance  and  physiological  functions,  and 
subjective  reports.  Even  though  it  serves  as  a  potent  intervening  variable 
between  measurable  stimuli  and  measurable  responses,  it  is  difficult  to  quanti¬ 
fy  directly.  Some  mental  processes  might  be  more  difficult  or  require  more 
resources  than  others,  yet  there  is  no  objective  way  to  measure  this.  Mental 
effort  is  often  equated  with  the  number  of  processing  steps  a  task  is  thought  to 
require  and  the  hypothetical  availability  of  processing  resources  given  competi¬ 
tion  from  concurrent  activities.  There  may  be  qualitatively  different  kinds  of 
processes  involved  as  well  (Fisk,  Scerbo,  &  Schneider,  1983;  Shiffrin  &  Schnei¬ 
der,  1977;  Schneider  &  Shiffrin,  1977).  Controlled  processing  is  slew,  effort¬ 
ful,  capacity-limited,  and  operator-controlled.  It  is  required  for  novel  or 
inconsistent  information  and  when  decisions  are  consciously  derived.  Auto?  tic 
processing,  which  is  typical  of  well-learned  tasks,  is  fast,  parallel,  relati¬ 
vely  effortless,  not  limited  by  the  capacity  of  short-term  memory,  nor  under 
direct  operator  control.  Once  developed,  it  is  difficult  for  operators  to  inhi¬ 
bit  it  in  the  presence  ot  eliciting  conditions. 

Rasmussen  (1982)  and  others  (Madni  &  Lyman,  1983;  Tanaka,  Buharali,  & 
Sheridan,  1982)  related  different  levels  of  operator  behavior  to  variations  in 
workload.  Skill-based  behaviors  (conventional  manual-control  activities  with 
immediate  feedback  about  actions)  may  be  performed  automatically  ard  contribute 
little  to  experienced  workload.  Rule-based  behaviors  (procedural  activities, 
information  processing,  and  short-term  planning)  involve  higher  level  processing 
and  more  mental  workload.  Knowledge-based  behaviors  (complex  interpretation, 
decision  making,  and  development  of  novel  solutions  with  limited  or  delayed 
feedback)  require  the  highest  level  of  processing  and  the  greatest  mental  work¬ 
load.  Control  decisions  are  transformed  into  low-workload  mechanical  action  by 
exercising  well-learned  patterns  cf  response  or  by  actuating  mechanized  sub¬ 
systems.  Although  a  decision  may  be  the  result  of  complex  mental  processes,  the 
control  input  itself  may  reflect  a  relatively  trivial  execution  of  it  (in  terms 
of  workload).  If  well-defined  rules  exist  for  a  task  or  if  closed-loop  control 
/  is  required,  then  it  is  likely  that  it  could  be  performed  by  a  machine.  This 

leaves  for  humans  the  more  ambiguous  tasks  with  indirect  and  delayed  Knowledge 
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of  results.  Humans  continue  to  out-perform  machines  on  these  tasks  but  at  the 
cost  of  incr  ,.sed  levels  of  mental  workload.  Thus,  assigning  skill-based  and 
rule-based  behaviors  to  machines  may  only  shift  the  source  of  workload  from 
direct  sensation  or  physical  control  to  interpretation,  problem-solving,  deci¬ 
sion  making,  and  predictions  high  workload  tasks. 

Operator  Skills 

Whenever  a  task  is  performed,  specific  physical,  sensory,  and  cognitive 
processing  skills  are  required  as  well  as  a  general  knowledge  base.  Experienced 
operators  may  require  less  training  (because  they  can  use  use  established  pat¬ 
terns  of  motor  response),  adopt  more  efficient  strategies,  and  exert  appropriate 
effort  in  a  timely  way,  thereby  minimizing  workload.  In  addition,  they  are  more 
likely  to  percaive  task  goals  and  performance  criteria  correctly.  The  above 
suggests  that  the  workload  experienced  by  practiced  operators  is  substantially 
different  from  that  experienced  by  novices.  However,  it  is  difficult  to  predict 
skilled  performance  on  a  task  from  its  initial  performance  (Ackerman  &  Schnei¬ 
der,  1984).  General  abilities,  previous  experience,  initial  selection  of 
strategies,  and  ability  to  understand  instructions  may  be  determining  factors 
early  in  practice,  while  specific  perceptual  and  motor  abilities  may  be  the 
limiting  factors  for  trained  operators.  Furthermore,  skills  develop  at  differ¬ 
ent  rates  for  different  operators  and  different  subtasks. 

Extended,  consistent  practice  changes  mental  processing  qualitatively  as 

well  (Fisk,  Scerbo,  &  Schneider,  1984;  Shiffrir.  &  Schneider,  1977;  Schneider  & 
Shiffrin,  1977).  Training  enables  parallel  processing,  new  abilities,  and 
alternative  strategies.  It  reduces  the  need  for  much  of  the  conscious  decision 
making  evident  early  in  practice,  thereby  reducing  effort  and  apparent  task 
difficulty.  With  training,  operators  develop  mental  models  of  the  system  al¬ 
lowing  them  to  predict  future  states  from  present  evidence.  This  frees  them 
from  needing  information  about  system  status  on  a  moment- to-moment  basis 
(Johanssen,  et  al,  1979),  eliminating  the  performance  of  unnecessary  activities 
and  reducing  workload.  Psychomotor  skills  progress  from  continuous,  conscious 
attention  and  activity  focused  on  compensation  and  error  correction  to  execu¬ 
ting  learned  preprogrammed  activities.  Thus,  the  workload  of  skilled  operators 
performing  even  simple  manual  control  tasks  stems  from  organizing  and  decision¬ 
making  ( Jax  and  Clement,  1979),  rather  than  from  properties  of  the  signals  being 
tracked  or  physical  effort. 

Experts  tend  to  think  in  terms  of  larger  units  of  activity  than  novices 
(National  Research  Council,  1982)  to  avoid  being  buried  in  minutiae.  They  may 
complete  subtasks  without  conscious  attention,  recognize  patterns  of  informa¬ 
tion,  and  initiate  action  sequences  with  single  decisions.  For  example,  with 
"touch- typing" ,  associations  between  verbal  stimuli,  spatial  keyboard  pori- 
tions,  and  movement  trajectories  for  hands  and  fingers  develop  for  different 
serial  combinations  of  letters.  Early  in  skill  acquisition,  visual  supervision 
is  required  to  position  each  finger.  Witn  practice,  words  and  phrases  may 
prompt  "automatic"  key  sequences,  with  no  conscious  awareness  of  finger  position 
or  movement  patterns.  Depending  on  whether  a  task  is  viewed  as  a  collection  of 
unrelated  and  separate  actions  or  as  an  integrated  whole  affects  strategy  selec¬ 
tion  and  resource  use. 


Experts  can  relate  one  situation  to  other  similar  occurrences  so  they  only 
have  to  notice  and  remember  differences.  Thus,  unexpected  events  or  failures 
may  affect  skilled  operators  differently  than  unskilled.  Equipment  failures, 
environmental  changes,  or  errors  may  disrupt  automatic  sequences  ot  behavior  of 
trained  operators  (thereby  increasing  workload).  On  the  other  hand,  the  occur- 
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rente  of  predictable  information  would  be  less  likely  to  interfere  with  ongoing 
task  performance  than  would  the  occurrence  of  less  predictable  information 
(Broadbent,  1975).  Thus,  since  little  is  predictable  about  a  task  tc  an  inex¬ 
perienced  operator,  the  creation  of  workload  by  (apparently)  unpredictable 
events  may  be  responsibe  for  a  significant  part  of  the  workload.  Abnormalities 
may  be  overlooked  because  confused  novices  do  not  know  what  to  look  for  and 
because  controlling  the  basic  system  requires  so  much  attention.  Skilled  opera¬ 
tors  may  recover  from  their  own  errors  or  equipment  failures  with  little  in¬ 
crease  in  workload  whereas  unskilled  operators  might  not  notice  a  problem  until 
it  has  become  critical  and  may  fail  to  compensate  for  it  effectively.  Operators 
experienced  in  the  control  of  a  basic  mechanical  system  might  not  understand  the 
additional  functions  and  structure  of  an  automated  system.  By  contrast,  one 
trained  as  a  high-level  user  of  a  fully  automated  system  might  understand  the 
computer-based  management  system,  but  have  little  knowledge  of  the  underlying 
mechanical  functions.  Thus,  failures  that  can  be  recognized  and  resolved  (and 
the  subsequent  workload)  will  differ. 

Performance 

Performance  may  be  thought  of  as  either  the  result  of  workload  (if  workload 
is  conceptualized  as  effort)  or  as  an  element  of  imposed  workload  (the  moment- 
to-moment  state  of  a  system  may  be  continually  modified  by  the  actions  of 
operators).  The  act  of  performing  a  task  not  only  provides  input  to  the  system, 
but  it  also  creates  observable  outcomes  which  may  be  monitored  and  measured. 
However,  addition,  many  measures  of  performance  reflect  the  limitations,  capa¬ 
bilities,  and  characteristics  of  the  system  controlled,  rather  than  the  behavior 
of  the  operator.  Since  machines  now  perform  most  of  the  repetitive  stabilization 
and  inner-loop  control  activities,  evaluating  operator's  behavior  (as  distin¬ 
guished  from  the  response  of  the  entire  system)  with  traditional  techniques  has 
become  increasingly  difficult. 

Workload  and  performance  each  depend  on  operators'  responses  to  task 
manipulations  (Wickens,  1984),  rather  than  to  the  task  demands  alone.  Models  of 
human  performance  generally  assume  that  performance  improves  monotonically  as  a 
function  of  resources  invested  and  that  experimental  subjects  always  exert 
maximum  effort.  When  performance  changes  occur  following  an  increase  or  de¬ 
crease  in  allocated  resources,  the  task  is  said  to  be  resource  limited  (Norman  A 
Bobrow,  1975).  As  more  resources  are  invested,  perhaps  in  response  to  instruc¬ 
tions  to  modulate  resources  among  competing  tasks  to  achieve  specific  levels 
(Gopher,  Brickner  &  Navon,  1982),  performance  improves  to  the  point  at  which  the 
task  is  said  to  be  data-limited  (Norman  &  Bobrow,  1975). 

In  operational  environments,  however,  task  complexity  allows  alternative 
strategies  and  repetition  may  le<-d  operators  to  exert  less  than  maximum  effort. 
Thus,  poor  performance  may  reflect  extreme  effort  for  impossible  tasks  or 
inadequate  and  inappropriate  effort  for  easy  tasks.  Conversely,  excellent 
performance  may  be  found  for  easy  tasks  that  impose  low  workload  or  difficult 
tasks  that  challenge  operators  to  mobilize  more  resources.  Nevertheless,  the 
relatiovship  between  workload  and  performance  is  of  practical  importance  because 
one  may  be  sacrificed  for  the  other;  operators  may  shed  tasks  to  maintain 
acceptable  workload  or  increase  effort  to  achieve  consistent  performance. 

It  is  useful  to  discriminate  tasks  that  cannot  be  performed  (because  of 
inadequate  information,  inaccessifc lity  of  controls,  or  hostile  environment), 
from  those  that  can  be  performed,  but  at  the  necessary  cost  of  extreme  effort. 
Furthermore,  human  operators  have  physiological  and  psychological  needs  that 
impact  their  ability  to  perform  a  task.  Performance  deteriorates  rapidly  when 
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physiological  needs  for  nourishment,  sleep,  comfort,  and  health  are  not  met. 
Psychological  factors,  such  as  prolonged  periods  of  high  stress,  fear,  conflict, 
or  inactivity  may  have  a  significant  impact  on  performance  as  veil.  Invoking 
workload  to  explain  the  deterioration  in  performance  associated  with  any  of 
these  factors  is  neither  correct  nor  diagnostic. 

Performance  Feedback 

Operators'  perceptions  of  how  well  they  are  performing  a  task  may  influence 
their  opinion  of  task  requirements,  suggest  different  strategies,  or  modify 
their  subjective  experiences.  Correct  assessment  of  the  immediate  situation 
depends  on  the  currency  and  accuracy  of  information  available  about  system 
atate.  However,  the  relationship  between  cause  (operator  action)  and  effect 
(change  in  system  state)  can  be  delayed  or  distorted  if  the  isomorphism  between 
operator  actions  and  system  state  is  masked  by  intervening  computer-based 
systems  or  if  information  displays  do  not  match  operators’  mental  represents- 
tions,  leading  to  situations  in  which  errors  are  likely.  Finally,  with  either 
direct  feedback  (e.g.,  proprioceptive  feedback  from  control  movements)  or 
knowledge  of  results  (e.g.  a  display  of  vehicle  deviation  from  the  desired 
course),  an  operator's  general  knowledge  and  specific  Bkills  may  be  Improved. 

Thus,  the  response  of  a  system  is  the  product  of  intent  id  task  demands, 
modified  by  the  environment  in  which  the  task  is  performed,  filtered  by  the 
operator's  perception,  capacities,  strategies,  behaviors,  and  performance.  It 
is  this  phenomenon,  then,  that  is  subjected  to  the  experience  of  operators. 

Experienced  Workload 

People  often  generate  evaluations  and  commentaries  about  ongoing  experi¬ 
ences.  However,  they  rarely  quantify,  remember,  or  verbalize  these  fleeting 
Impressions  and  experiences.  They  may  be  aware  of  their  current  behavior  and 
sensations  and  the  results  of  cognitive  processes  (but  not  the  processes  them¬ 
selves)  (Ericsson  &  Simon,  1980;  Nisbett  &  Wilson,  1977).  Only  the  most  re¬ 
cently  attended  information  may  be  directly  accessible  for  verbal  report;  the 
contents  of  short  term  memory  (Ericsson  &  Simon,  1930).  However,  additional 
information  may  be  retrieved  from  long-term  memory  or  recreated.  Even  though 
individuals  have  access  to  intermediate  or  final  results  of  higher-level  proces¬ 
sing  rather  than  to  the  processing  itself,  they  describe  their  experiences  as  if 
they  had  access  to  the  actual  processes  of  cognition  (Nisbett  &  Wilson,  1977). 
In  addition,  the  intermediate  steps  of  automatic  processes  that  are  typical  of 
highly  practiced  behavior  are  completed  without  interpretation.  Thus,  their 
inputs  and  outputs  are  not  available  in  short-term  memory.  This  may  suggest 
one  reason  why  inexperienced  operators  report  higher  levels  of  workload  than 
experienced  operators.  They  are  aware  of  intermediate  processing  and  decision 
stages  whereas  skilled  operators  act  automatically  without  conscious  awareness. 
Thus,  even  though  experimental  subjects  are  generally  willing  to  provide  a 
numerical  or  descriptive  rating,  the  subjective  meaning  of  the  information  and 
contributing  factors  may  not  be  clear.  Nevertheless,  only  tha  operator  can 
describe  the  experience  of  performing  a  task. 

The  importance  of  subjective  workload  experiences  extends  beyond  an  asso¬ 
ciation  with  subjective  ratings.  They  affect  behavior,  and  thus  performance,  as 
well  as  physiological  functions  associated  with  stress  or  workload.  If  indivi¬ 
duals  feel  loaded,  then  it  is  likely  that  they  will  behave  as  though  they  are. 
That  is,  they  may  adopt  strategies  appropriate  for  high  workload  conditions  and 
experience  physiological  changes  which  may  or  may  not  be  appropriate  for  the 
current  situation.  Conversely,  objective  performance  and  physiological 
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functions  can  change  without  an  operator's  awareness,  resulting  in  an  inappro¬ 
priately  low  level  of  effort.  In  fact,  individual  might  feel  they  are  working 
very  hard  even  in  the  absence  of  external  activity  (Johanssen,  et  al,  1979). 
Objective  measures  exist  for  the  evaluation  of  performance  and  physiological 
functions,  however,  it  may  not  be  possible  to  compare  estimates  of  task  demands 
or  measures  of  performance  across  different  activities  because  they  do  not  share 
dimensions  or  measures  in  common.  The  phenomenological  experiences  of  human 
performers,  on  the  ether  hand,  may  combine  many  aspects  of  situations  across  a 
broad  range  of  activities  and  memories  of  earlier  experiences  may  provide  a 
common  basis  for  comparison.  Thus,  the  experiences  of  operators  may  provide 
the  only  basis  of  comparison  for  unique  and  novel  situations.  Finally,  specific 
task  manipulations  affect  subjective  experiences  differently  than  they  do  other 
measures,  thereby  providing  additional  sources  of  information. 

One  benefit  of  differentiating  subjective  experience  from  imposed  demands 
is  methodological j  it  suggests  one  source  of  rating  variability  among  indivi¬ 
duals  who  experienced  apparently  identical  situations.  In  addition,  it  is  impor¬ 
tant  to  remember,  that  the  subjective  experience  of  workload  is  not  necessarily 
the  same  as  a  subjective  rating  of  workload.  Information  about  an  experience  i6 
available  to  the  operator  as  the  experience  occurs.  However,  the  fleeting 
experience  of  each  moment  is  replaced  by  the  experience  of  the  following  moment. 
Information  available  for  recall  is  limited  tc  whatever  was  stored  incidentally 
or  deliberately  in  leng  term  memory. 

MEASURES  AMD  PREDICTORS  OF  WORKLOAD 

To  a  very  great  degree,  the  assessment  of  workload  depends  on  its  concep¬ 
tualization  (Moray,  1979).  Most  researchers  agree  it  is  a  composite  concept 
reflecting  various  contributing  factors  related  to  the  task,  internal  human 
dispositions,  and  skill  level  (Sanders,  1979).  In  practice,  however,  each 
researcher's  definition  is  somewhat  different  and  practical  circumstances  may 
impose  constraints  on  the  measurement  tools  that  might  be  applied.  Research  has 
shown  excellent  agreement  among  some  workload  measures  and  manipulations  of 
different  task  parameters  in  some  situations,  and  none  in  others.  One  reason 
for  the  lack  of  agreement  might  be  that  many  commonly  used  measures  are  inappro¬ 
priate,  unreliable,  or  insufficiently  sensitive.  For  those  measures  that  are 
valid  and  reliable,  however,  the  discrepancy  may  occur  because  different  mea¬ 
sures  selectively  reflect  different  dimensions  of  the  complex  phenomenon  of 
workload.  In  addition,  many  measures  were  developed  without  a  theoretical  foun¬ 
dations,  thus  they  cannot  predict  what  might  happen  under  different  circum¬ 
stances.  In  most  cases,  the  development  and  validation  of  measures  Is  circular. 
If  different  tasks  produce  variations  in  a  measure,  then  it  is  thought  to  have 
"succeeded".  If  not,  then  it  "failed".  Because  there  are  no  standardized 
tasks  that  impose  known  levels  of  workload  and  there  is  no  way  to  determine 
independently  whether  the  task  imposed  the  predicted  levels  of  workload  or  the 
subject  experienced  them  as  expected,  there  are  no  benchmarks  against  which 
proposed  measures  or  theories  can  be  tested.  Research  is  underway  to  address 
this  problem,  however.  For  aeronautical  research,  laboratory  and  simulation 
experiments,  and  pilot  opinion  surveys  have  been  used  to  create  flight  scenarios 
that  will  impose  predictable  levels  of  workload  (Hart  &  Bortolussi,  1983;  Kanto- 
witz,  et.  al,  1984).  In  addition,  a  method  for  evaluating  workload  metrics  has 
been  developed  (Sliingledecker ,  Crabtree  &  Acton,  1982)  so  that  measures  can  be 
evaluated  against  criterion  laboratory  tasks  that  vary  in  sensitivity,  diagnos- 
ticlty,  intrusiveness,  operator  acceptablility,  and  ease  of  instrumentation. 
The  tasks  represent  the  functional  components  of  human  information  processing  in 
operational  tasks  as  suggested  by  the  multiple  resource  model. 
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Subjective  ratings  may  come  cloeest  to  tapping  the  essence  of  mental  work¬ 
load  and  provide  the  most  generally  valid  and  sensitive  indicator  (Johnanssen, 
et  al(  1979 1  Sheridan  &  Stassen,  1979).  There  are  tvo  sources  of  subjective 
evaluationi  operators  themselves  or  observers.  Evaluations  may  be  obtained 
while  a  task  is  being  performed  or  after  it  is  completed.  The  intervals  of 
time  evaluated  might  represent  several  minutes  or  many  hours.  Available  tech¬ 
niques  includei  (1)  unidimensional  numerical  ratings  given  with  or  without 
behavioral  anchors  or  verbal  labels;  (2)  multi-dimensional  evaluations  of  dif¬ 
ferent  task  features;  (3)  rank-ordering  of  experiences  witn  respect  to  workload; 
and  (4)  task-specific  checklists,  questionnaires  and  verbal  protocols.  Although 
ratings  been  used,  studied,  and  critiqued  extensively  (Moray,  1982;  Wierville  & 
Villiges,  1978),  methodological  and  theoretical  problems  remain.  In  fact,  some 
researchers  deny  their  value  at  all,  considering  them  to  be  examples  of  the 
discredited  practice  of  introspection.  However,  the  more  generally  accepted 
view  is  that  they  provide  a  significant  source  of  information. 

Operator  Ratings 

Operators  can  normally  provide  verbal  or  numeric  evaluations  of  task  and 
task  elements.  The  information  upon  which  evaluations  are  based  might  include 
the  results  of  information  processing,  perception,  memory,  overt  behaviors,  and 
feelings  associated  with  an  activity.  Ratings  reflect  a  subset  of  the  informa¬ 
tion  avail.iblo  during  task  performance  and  may  not  suggest  which  factors  were 
considered  in  forming  the  evaluation  or  explain  the  underlying  cognitive  proces¬ 
ses.  Thus,  subjective  reports  may  contribute  little  to  theoretical  models. 
Nevertheless,  they  may  provide  the  only  source  of  information  about  the  effect 
of  performing  a  task  on  operators  and  do  provide  information  about  the  inte¬ 
grated  effects  of  many  possible  workload  attributes.  Even  for  very  different 
activities,  the  remembered  or  reconstructed  subjective  experiences  of  operators 
might  provide  a  common  point  of  comparison. 

One  difficulty  encountered  in  evaluating  or  equating  any  abstract  concept 
(such  as  workload)  or  extrapolating  average  or  typical  experiences  from  exem¬ 
plars  is  that  specific  instances  might  not  be  related  in  memory.  For  example, 
it  is  unlikely  that  instances  of  high,  medium,  and  low  workload  are  accumulated 
from  individuals'  life  experiences  to  serve  as  a  mental  reference  scale  labeled 
"workload".  Rather,  activities  that  have  elements  in  common  can  be  compared 
with  respect  to  shared  qualities  and  information  remembered  from  similar  exper¬ 
iences  can  be  generalized  by  applying  heuristic  principles  that  reduce  asses¬ 
sment  and  prediction  to  simpler  judgemental  operations.  Although  these  heuris- 
♦  tic  rules  are  generally  useful,  they  may  lead  to  systematic  errors  (Tversky  & 

Kahneman,  1974).  For  example,  an  individual  might  have  experienced  high  levels 
of  workload  when  performing  mental  arithmetic  in  the  past.  Thus,  he  might  con¬ 
clude  that  the  workload  of  yet  another  arithmetic  task  was  high  even  though  his 
actual  behavior  and  experience  might  have  suggested  otherwise.  Finally,  people 
are  more  likely  to  equate  some  task  manipulations  with  workload  variations  than 
others.  Thus,  some  task  characteristics  that  influence  performance  may  not 
influence  subjective  experiences  and  individuals  may  be  sensitive  to  variables 
that  do  not  lead  to  performance  variations  (Wickens  &  Yeh,  1982;  1983). 

Calibration  of  raters.  Information  is  rarely  given  to  raters  about  the 
accuracy  or  validity  of  their  ratings,  even  though  providing  guidance  to  shape 
strategies  and  performance  is  a  common  practice.  In  fact,  it  would  be  consi¬ 
dered  a  breach  of  protocol  in  most  experimental  settings  to  inform  a  subject 
that  a  rating  was  "wrong",  or  that  the  task  features  that  prompted  a  specific 
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racing  were  irrelevant.  Thus,  it  may  be  difficult  for  raters  to  adopt  the 
criteria  or  focus  of  the  designer  of  a  task  or  evaluation  procedure.  If  raters 
are  to  act  as  instruments  for  recording  levels  of  workload,  then  why  not  cali¬ 
brate  them  to  insure  standardized,  interpretable,  and  relevant  output?  This 
could  be  accomplished  by  identifying,  defining,  and  demonstrating  different 
levels  of  relevant  dimensions  and  informing  raters  about  their  accuracy  with 
respect  to  the  quantities  of  interest.  Standard  reference  points  for  cate¬ 
gorical  values  or  anchor  points  could  be  identified  or  demonstrated  and  compari¬ 
sons  limited  to  tasks  that  share  elements  in  common  with  the  reference  tasks. 

The  great  success  of  the  Cooper-Harper  rating  scale  for  aircraft  handling 
characteristics  (Cooper  &  Harper,  1969),  which  has  been  used  oxtensively  by 
engineers  and  test  pilots  for  preliminary  and  operational  test  and  evaluation  of 
aircraft,  suggests  the  applicability  of  this  concept.  Concrete  information  and 
training  are  provided  about  how  to  use  the  scale,  elements  are  operationally 
defined,  and  the  “feel"  charcteristic  of  different  scale  values  is  demonstrated 
in  a  variable  stability  aircraft.  This  calibrates  test  pilots  to  serve  aa 
re<-  rding  instruments  sensitive  to  factors  considered  relevant. 

Timing  Since  verbal  reports  and  ratings  are  necessarily  based  on  memory  of 
the  continuously  receding  past,  obtaining  them  frequently  might  seem  desirable. 
Yet,  this  could  substantially  interfere  with  task  performance.  The  key  issue 
might  not  be  how  fresh  a  memory  is,  but  how  much  incidental  memorizing  occurred 
during  the  task  and  the  relevance  of  the  operator's  memories.  For  example,  it 
has  been  found  that  ratings  obtained  immediately  after  the  completion  of  a  block 
of  memory  trials  or  after  a  delay  of  15  min  were  not  significantly  different 
(Eggemeier,  Crabtree,  &  LaPointe,  1983),  and  both  discriminated  workload-related 
primary  task  differences.  Under  favorable  circumstances,  requiring  verbal  ra¬ 
tings  while  performing  a  task  might  impose  little  additional  workload.  However, 
even  for  retrospective  estimates,  some  mental  resources  must  be  required  to 
remember  Information  for  later  recall.  Even  this  might  alter  an  operator’s 
normal  mode  of  processing.  Thus,  there  is  a  tradeoff  between  the  possibility  of 
task  interference  (caused  by  remembering  information  to  provide  accurate  ratings 
or  providing  ratings  during  task  performance)  and  the  possibility  that  nothing 
will  be  remembered  incidentally. 

Ratings  are  normally  given  about  what  occurred  during  an  activity  or  period 
of  time.  Thus,  the  existence  of  similar  reference  activities  and  whether  the 
interval  had  a  logical  beginning,  middle  and  end  for  which  requirements,  effort, 
and  success  could  be  assessed  are  salient.  Many  tasks  are  carried  out  in 
discrete,  functionally-related  units.  Thus,  operators  should  be  able  to  evalu¬ 
ate  or  remember  the  workload  of  a  meaningful  segment  more  easily  than  an  arbi¬ 
trary  interval  that  includes  unrelated  activities  or  an  interval  that  is  not 
distinctive.  However,  if  an  unexpected  or  remarkable  event  occurs  during  an 
interval,  it  may  influence  ratings  more  than  its  rela  _re  duration  warrants.  If 
an  activity  is  retrospectively  recreated,  some  temporal  aspects  of  the  original 
event  (such  as  the  length  and  pacing  of  task  elements,  may  not  included.  Rela¬ 
tively  long  periods  of  time  may  be  nantally  reviewed  in  seconds  and  different 
levels  and  types  of  detail  may  be  possible.  For  example,  "time  pressure"  may 
be  represented  in  an  evaluation  only  If  its  occurrence  during  the  original 
experience  was  remembered. 

Quantification.  Ratings  can  reflect  either  a  quantified  (but  nonverbal) 
subjective  experience  or  a  deliberate,  verbal  evaluation  related  to  a  numerical 
value.  They  may  be  obtained  in  a  variety  of  formats;  numerical  values,  mag¬ 
nitude  judgments  expressed  as  distances  along  a  continuum,  or  selection  among 
alternative  descriptors.  Scale  extremes  may  be  labeled  with  descriptive  adjec- 
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or  numeric*!  values.  They  may  be  subdivided  into  equal  intervals  (or  not) 
and,  if  they  are,  the  intervals  may  or  may  not  be  labeled.  It  is  rare  that  the 
absolute  value  of  a  rating  carries  more  meaning  than  the  relationships  among 
ratings  given  for  related  events,  due  to  limitations  in  scaling  procedures,  and 
absence  of  common  anchor  points  ar.d  scale  intervals  across  tasks. 

Sing le~ d imens ion  scales .  Many  applications  involve  a  single  numerical 
estimate  of  workload.  For  example,  a  magnitude  estimation  technique,  adapted 
from  classical  psychophysics,  was  used  to  assess  the  workload  of  tasks  presented 
singly  and  in  pairs  (Gopher  &  Braune,  1983).  One  task  was  identified  as  the 
,  reference  and  the  other  task3  were  compared  to  it.  The  transformed  numerical 

k  ratings  were  significantly  correlated  wi*-h  task  difficulty  predictions  based  in 

*  th*  multiple  resources  theory,  suggesting  that  workload  magnitudes  could  be 

evaluated  as  if  they  ranged  along  a  physical  continuum.  In  other  laboratory 
studies  (Borg,  1978),  the  subjective  difficulty  of  physically  and  mentally 
t„  loading  tasks  was  evaluated  using  various  scaling  techniques  including  magnitude 

estimation.  A  single  numerical  rating  of  overall  workload  was  obtained  after 
each  segment  (..hildress,  Hart,  &  Bortolussi,  1932)  and  at  one-minute  intervals 
during  simulated  flight  with  a  10-point  scale  (Rehmann,  Stein,  &  Rosenberg, 
1983).  In  flight,  single  numerical  workload  ratings,  prompted  by  an  observer- 
pilot,  were  obtained  during  full-mission  certification  flights  for  the  Airbus 
A-300  and  A-310  aircraft  using  a  five-point  rating  scale  for  the  pilots  and  a 
seven-point  scale  for  the  observers  (Speyer  &  Fort,  1982). 

Multi-dimensional  scales.  More  often,  evaluations  are  made  of  several  ta6k 
features  in  addition  to  (or  instead  of)  a  global  workload  racing,  acknowledging 
the  multi-dimensional  nature  of  workload.  This  requires  evaluators  to  decompose 
their  experience  and  consider  different  aspects  individually.  Since  a  multi¬ 
attribute  analysis  makes  this  activity  explicit  and  identifies  the  dimensions  to 
consider,  it  may  provide  information  about  the  subjective  structure  of  the 
workload  experience.  Thus,  it  will  protray  individual  differences  in  definition 
if  the  appropriate  workload-related  dimensions  are  selected.  The  alternative  of 
obtaining  a  single  value  masks  the  fact  that  these  other  attributes  (which  exist 
even  if  not  explicitly  rated)  impact  individual  raters'  workload  experiences  in 
different  ways.  In  some  cases,  the  dimensions  that  rated  are  task-specific. 
For  example,  Boeing  Aircraft  Company  developed  a  rating  scale  to  evaluate  the  B- 
757  and  B-767  aircraft  (Ruggiero  &  Fadden,  1982).  Pilots  identified  the  amounts 
of  different  kinds  of  workload  (e.g.  mental  effort,  physical  difficulty,  time 
required,  etc)  imposed  by  flight  task  componenti  (e.g.,  navigation,  flight 
management ,  monitoring,  communications,  etc.)  for  different  mission  segments. 
Evaluations  were  made  in  comparison  to  a  reference  aircraft  by  selecting  one  of 
seven  discrete  levels  (from  "much  more"  to  "same"  and  "much  less"). 

'  > 

Several  multi-dimensional  rating  scales  for  workload  evolved  from  the 
Cooper-Harper  scale  for  aircraft  handling  qualities  (Cooper  &  Harper,  1969). 
The  original  scale  was  arranged  in  a  decision-tree,  leading  raters  through  a 
Progression  of  simple  decisions  to  one  of  10  numerical  ratings.  Subsequent 
research  was  conducted  to  determine  the  meanings  of  the  descriptors  to  pilots, 
their  association  with  specific  task  parameters,  the  subjective  distances  of  the 
levels  from  each  other,  and  distributions  of  ratings  (McDonnell,  1969).  Al¬ 
though  several  researchers  have  reported  a  moderately  high  correlation  between 
Cooper-Harper  ratings  and  subjective  and  objective  measures  of  workload  in 
simulated  aircraft  control  tasks  (Childress,  Hart  &  Bortolussi,  1982;  Connor  & 
Hierwille,  1983),  the  scale  was  not  designed  for  workload  assessment.  Thus,  in 
other  applications,  the  wording  of  the  scale  was  modified  so  as  to  relate  mere 
t0  workload  (Sheridan  &  Simpson,  1979;  Wierwille,  Skipper  &  Reiger, 
1984).  Although  the  structure  of  the  scale  itself  makes  the  decision  task  seem 
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easier  and  significant  relationships  have  been  found  with  experimental  varia¬ 
tions  in  pilot  workload,  the  fact  that  each  choice  point  in  different  versions 
of  the  scale  requires  a  decision  based  on  an  evaluation  of  a  different  workload- 
related  dimension  poses  a  problem.  On  one  such  scale,  for  example,  (Wierwille, 
Skipper,  &  Casali,  1984)  successive  decisions  are  based  ons  (1)  likelihood  of 
errors,  (2)  mental  workload,  (3)  perceived  difficulty,  and  (4)  effort  required 
versus  performance  attained.  The  single  workload  rating  is,  in  fact,  the 
result  of  an  implicit  multi-dimensional  rating  process  that  addresses  different 
aspects  of  imposed  workload,  system  response,  and  operator  experience.  However, 
there  is  no  rationale  presented  for  the  selection  or  ordering  of  the  factors. 
Because  different  factors  may  be  relevant  to  different  individuals  it  might  be 
more  appropriate  to  vary  the  order  in  which  decisions  are  made  to  reflect  the 
subjective  importance  of  the  factors  to  individuals  O’*  groups  of  individuals. 

Many  other  racing  techniques  involve  evaluation  of  two  or  three  relevant 
factors.  The  Workload  Compensation  Index  and  Technical  Effectiveness  (WCI/TE) 
scales  of  the  Missions  Operability  Assessment  Technique  (Helm  &  Donnell,  1978 j 
Connor  &  Wierwllle,  1983)  have  been  used  to  evaluate  several  aircraft  and  simu¬ 
lated  approaches.  Multi-attribute  utility  functions  were  derived  allowing  deci¬ 
sions  about  system  operability  from  predictions  and  ratings.  The  Subjective 
Workload  Assessment  Technique  (SWAT)  was  based  on  the  assumption  that  workload 
experiences  can  be  described  by  three  dimensions  ("spare"  time,  mental  effort, 
and  stress)  (Eggemeier,  1981;  Eggemtier  et  al,  1982;  Reid,  et  si,  1981;  1982). 
The  three  dimensions  were  suggested  by  Sheridan  and  Simpson  (1979)  in  their 
version  of  a  Cooper-Harper-scale  for  mental  workload.  SWAT  requires  the  prelim¬ 
inary  sorting  of  27  combinations  of  three  levels  of  each  of  three  dimensions 
with  respect  to  workload.  Conjoint  scaling  procedures  are  used  to  derive  a  27- 
point  interval  rating  scale.  During  different  tasks,  then,  operators  rate  the 
time  pressure,  mental  effort,  and  stress  experienced  on  three-point  scales. 
These  three  ratings  are  then  converted  to  the  appropriate  interval  scale  value 
for  overall  workload.  This  technique  has  been  applied  in  laboratory  and  simula¬ 
tion  environments  and  has  been  found  to  be  sensitive  to  variations  in  aircrew 
communications  load  (Reid,  et  al,  1981)  and  short-term  memory  (Eggemeier,  et  al, 
1982),  with  good  inter-rater  reliabilities.  Alchough  it  is  receiving  wide¬ 
spread  use,  the  initial  sorting  procedure  is  awkward  and  time  consuming  and  the 
statistical  analysis  requires  an  elaborate  computer  program.  In  addition,  the 
assumption  that  people  can  predict  accurately  the  workload  imposed  by  27  combi¬ 
nations  of  abstract  variables  may  not  be  justified,  nor  might  the  assumption 
that  the  three  dimensions  are  subjectively  orthogonal  (Boyd,  1983).  Finally, 
three  factors  might  not  be  sufficient  to  characterize  individual  experiences  and 
definitions  (Derrick,  1983;  Hart,  1982) 

One  advanta'e  of  subjective  ratings  is  that  operators  can  let  their  ex¬ 
periences  influence  their  judgements,  thereby  taking  into  account  whatever  they 
consider  relevant.  The  disadvantage  is  the  potential  for  between-rater  varia¬ 
bility  due  to  individual  differences.  One  rating  technique  has  been  developed 
that  incorporates  information  about  a  priori  rater  biases  about  nine  workload- 
related  dimensions  into  a  derived  workload  score.  The  dimensions  were  selected 
on  the  basis  of  preliminary  laboratory  and  simulation  research  (Hart,  1982; 
Hauser,  Childress  &  Hart,  i)83)  to  include  these  considered  relevant  by  most 
individuals.  They  arei  task  difficulty,  time  pressure,  performance,  mental 
effort,  physical  effort,  fatigue,  frustration,  stress,  and  activity  type. 
Independence  betwev.i  the  dimensions  was  not  assumed,  as  some  of  them  have,  in 
fact,  been  rouno  .  covary  under  different  experimental  conditions.  When  this 
occurs,  their  influence  is  magnified,  and  when  it  does  not,  it  is  reduced  -  -  sn 
acceptable  loss  of  statistical  power  to  achieve  a  realistic  perspective  of  the 
subject's  experience.  Subjects  compare  each  of  nine  factors  to  every  other  one 
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by  making  a  simple  decision  for  each  pain  which  of  the  two  factorc  is  more 
relevant  to  workload.  The  relative  importance  of  each  dimension  is  then  used  to 
compute  a  weighted  combination  of  ratings  on  each  the  nine  scales  after  dif¬ 
ferent  experimental  tasks  (Hart,  Battiste,  &  Lester,  1984}  Hart,  Sellers,  & 
Guthart,  1984;  Kantowitz,  et.  al,  1983;  1984}  Miller  &  Hart,  1984).  In  every 
application,  the  weighted  combination  of  ratings  maintained  the  significant 
relationships  among  experimental  conditions  (as  estimated  by  an  overall  workload 
rating  or  a  secondary-task  measure)  but  the  between-sub ject  variability  was 
reduced  by  as  much  as  507..  It  is  assumed  that  the  subjective  biases  that  lead 
different  individuals  to  focus  on  some  aspects  of  an  experience  more  than  others 
when  giving  a  workload  evaluation  are  masked  ">y  a  single  numerical  evaluation  of 
workload,  but  contribute  to  between-sub ject  variability.  Explicitly  using  these 
subjective  biases  to  weight  the  importance  of  different  dimensions  results  in  a 
summary  estimate  of  workload  that  represents  the  experience  of  each  individual. 
This  technique  does  not  have  the  statistical  power  of  SWAT,  however  it  may 
provide  a  useful  alternative.  It  is  simpler  to  use,  reflects  a  broader  spectrum 
of  relevant  variables,  and  requires  fewer  statistical  assumptions. 

Psychometric  Considerations.  It  is  in  the  area  of  quantification  that  many 
problems  with  subjective  ratings  occur.  Even  though  the  absolute  value  of  a 
rating  can  be  recorded  with  (artifically)  great  fidelity  and  precision,  the 
underlying  psychometric  function  is  rarely  known.  Few  scales  have  a  true  "zero" 
point,  their  upper  limits  are  often  undefined  and  may  vary  with  the  task  and 
operator.  Scale  increments  (whether  they  are  expressed  in  psychological,  math¬ 
ematical,  verbal,  or  spatial  terms),  may  not  be  equal  in  size.  Some  of  the 
psychometric  techniques  used  to  improve  scale  development  from  a  statistical 
point  of  view  include  magnitude  estimation  (Borg,  1978;  Gopher  &  Braune,  1982), 
the  method  of  equal-appearing  intervals  (Hicks  &  Wierwille,  1979),  and  conjoint 
measurement  (Eggemeicr,  et  al,  1982,  1983}  Helm  &  Donnell,  1978). 

Advantages  and  disadvantages.  Even  though  scaling  problems  continue  to 
plague  the  use  of  subjective  ratings  scales,  their  practical  utility  and  the 
wealth  of  information  they  provide  outweigh  their  drawbacks.  They  can  be  ap¬ 
plied  in  any  environment,  either  during  or  poor,  after  intervals  of  interest. 
They  are  acceptable  to  most  operators,  researchers,  and  decision-makers, 
havingface  validity  and  intuitive  appeal.  They  exhibit  good  within-sub ject 
reliability,  and  a  surprising  between-sub ject  reliability  considering  the 
potential  for  diverse  opinions.  They  are  easy  to  implement  and  score,  and,  with 
some  exceptions,  to  analyze.  Finally,  they  provide  one  of  the  least  interfering 
methods . 

Their  drawbacks  Include  scaling  problems  and  limitations  on  the  information 
available  to  be  experienced  and  remembered.  Scales  are  often  task-specific  and 
it  is  rare  that  the  raw  numeric  values  obtained  in  one  setting  can  be  applied 
directly  to  another.  In  many  cases,  they  provide  no  more  than  ordinal  informa¬ 
tion,  alleging  comparisons  within,  but  not  between,  different  tasks  or  environ¬ 
ments  and  they  have  limited  diagnostic  and  predictive  value.  In  spite  of  these 
problems,  ratings  still  provide  the  most  acceptable  and  widely  useful  method  for 
workload  assessment  and  have  potential  application  in  prediction. 

Observe  ratings 

Observerc  can  monitor  the  behavior  of  operators  to  determine  the  load 
imposed  on  them  and  their  probable  experiences.  They  may  use  checklists,  written 
records,  rating  scales,  and  video  and  audio  recorders  to  quantify  and  record 
their  observations.  However,  they  must  be  experienced  ir  the  target  activities 
to  appreciate  the  significance  of  operators'  behaviors  and  familiar  with  the 


19 


R-XII-23 


rating  procedures.  Since  observers  must  rely  on  observable  activity,  this 
technique  is  not  useful  when  information  processing  and  monitoring  are  the 
predominant  activities.  Even  if  activities  are  observable,  they  may  be  asso¬ 
ciated  with  different  subjective  significance  for  operators  than  observers. 
Observers  may  unburden  the  crew  members  from  the  necessity  of  providing  on-line 
evaluations,  however  their  presence  may  be  a  source  of  interference  or  addi¬ 
tional  stress.  On  the  other  hand,  if  several  operators  are  being  monitored,  the 
observer  may  be  subject  to  considerably  more  workload  than  the  operators.  This 
problem  could  be  solved  by  recording  events  for  later  analysis  by  observers  or 
the  crewmembers  themselves.  Finally,  just  as  ratings  provided  by  individual 
operators  are  subject  to  biases,  so  are  observer  evaluations. 

Although  this  technique  has  limitations,  it  is  a  useful  source  of  informa¬ 
tion  to  complement  crewmember  ratings  and  provides  an  alternative  if  they  cannot 
be  obtained.  In  addition,  on-line  or  retrospective  analyses  by  trained  obser¬ 
vers  can  provide  as  much  information  about  task  demands,  structure,  environment, 
procedures,  and  crew  interactions  as  the  participants  might  provide,  even  though 
the  observers  did  net  perform  the  task  personally.  In  fact,  an  observer  might 
notice  more  than  can  busy  operators.  Under  some  circumstances,  the  correlation 
betweor.  to*  ratings  of  an  experimental  subject  and  another  individual  who  under¬ 
stands  the  information  and  structure  of  the  task  can  be  almost  perfect  (Gopher 
&  Braune,  1983).  An  observer  can  be  as  accurate  as  an  operator  in  identifying 
factors  that  determine  behavior  (Nisbett  &  Wilson,  1977)  even  though  they  can 
only  guess  about  the  mental  effort  expended,  the  physiological  consequences  of 
performance,  and  operators'  subjective  experiences.  For  example,  during  certi¬ 
fication  flights  for  the  Airbus  A-300  aircraft,  it  was  found  that  operator  and 
observer  ratings  were  very  similar  (Speyer  &  Fort,  1982). 

Primary  Ta«k  Performance  as  a  Measure  of  Workload 

Even  though  system  performance  may  be  affected  by  operator  workload,  it  is 
rot  it3elf  workload  (Rouse,  1979).  It  reflects  the  combined  responses  of  human 
operators  and  system  hardware.  Thus,  the  use  of  performance  measures  to  infer 
operator  workload  may  be  inappropriate,  in  spite  of  the  fact  that  improving  or 
maintaining  system  performance  is  the  most  common  motive  for  assessing,  pre¬ 
dicting  or  modifying  workload.  With  a  simple  laboratory  task,  the  mapping  of 
human  responses  into  measured  pertormance  is  immediate  and  direct.  Response 
times  can  be  recorded  with  millisecond  accuracy,  directly  reflecting  the  overt 
behavior  of  experimental  subjects.  The  relationships  among  task  demands,  human 
behavior,  and  performance  relatively  direct.  For  complex  systems,  or  ones  in 
which  the  operator  acts  as  a  supervisor,  however,  the  response  of  the  entire 
system  may  be  the  only  observable  behavior.  It  may  reflect  hardware  and  soft¬ 
ware  characteristics  (e.g.  handling  qualities,  control  dynamics,  lags,  inertia, 
and  the  combined  input  from  automated  sub-systems)  as  much  as  the  behavior  and 
state  of  the  operator.  Thus,  only  those  aspects  of  complex  system  performance 
that  allow  a  direct  mapping  between  operator  behavior  and  measurable  performance 
have  the  potential  of  reflecting  an  operator's  workload. 

Measures  of  performance  may  not  reflect  the  hypothesized  association  be¬ 
tween  workload  and  time  pressure.  Until  it  is  no  longer  possible  to  make 
responses  fast  enough,  response  time  and  accuracy  are  more  likely  to  reflect  the 
difficulty  of  a  task  than  presentation  rate.  Ii  operators'  responses  lag  behind 
arriving  tasks,  then  performance  may  be  based  on  operators'  memories  of  left¬ 
over  tasks  and  their  ability  to  reorganize  behavior  to  complete  these  tasks 
while  beginning  more  recent  activities.  It  is  also  possible  that  operators  make 
a  strategic  decision  to  ignore  occasional  tasks  in  order  to  catch  up.  These 
alternatives  may  or  may  not  lead  to  performance  decrements.  Even  with  suffi- 
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clenC  time,  stressed  or  busy  operators  may  overestimate  how  quickly  time  passes 
(Kart,  McPherson,  &  Loomis,  1978),  causing  them  to  experience  greater  time 
pressure  than  exists.  This  might  cause  them  to  adopt  inappropriate  strategies 
(e.g.  hurrying,  experiencing  stress,  or  task  shedding),  thereby  degrading  per¬ 
formance  or  imposing  on  themselves  unreasonable  requirements  for  speed. 

Different  types  of  performance  decrements  might  be  characteristic  of  spe¬ 
cific  tasks  and  performance  on  some  subtasks  might  be  degraded  by  competing 
demands  for  operator's  attention  more  than  others,  providing  an  objective  indi¬ 
cation  of  increased  workload.  For  example,  it  has  been  shown  that  people  tend 
to  lose  track  of  time  when  their  attention  is  diverted  elsewhere  (Gunning,  1978; 
Hart,  McPherson,  &  Loomis,  1978).  Many  operational  tasks  involve  timing,  either 
implicitly  or  explicitly:  estimating  whether  one  is  on  schedule,  predicting 
the  time  available  to  complete  additional  tasks,  estimating  the  time  required  to 
complete  a  task,  and  coordinating  tasks  in  space  and  time.  Accurate  timekeeping 
requires  continuous  attention  to  the  passage  of  time;  inattention  results  in 
underestimation.  Thus,  performance  of  tasks  that  require  timing  could  be  moni¬ 
tored  to  determine  the  attention  demands  of  concurrently  performed  activities. 
Other  timing  activities,  such  as  those  that  involve  the  automatic  performance  of 
rhythmic  or  coordinated  actions  that  do  not  involve  reference  to  units  of  clock 
time,  may  require  a  lower  level  of  attention.  Thus,  they  will  be  disrupted  by 
extreme  levels  of  concurrent  task  demands. 

Communication  with  other  crew  members  and  support  personnel  is  required  in 
many  operational  environments.  It  is  another  activity  in  which  operator  behavior 
can  be  monitored  directly,  providing  another  potential  measure  of  performance 
sensitive  to  overall  workload  levels.  Different  communications  tasks  have  been 
found,  analytically,  subjectively,  and  empirically,  to  reflect  different  levels 
of  workload  (Acton,  et  ai,  1983;  Hart  &  Bortolussi,  1983 j  Hart,  Hauser,  & 
Lester,  1984;  Shingledecker ,  et  al,  1982).  Their  performance  requires  not  only 
receiving  and  understanding  the  messages,  but  also  completing  additional  acti¬ 
vities  prompted  by  their  content. 

The  occurrence  of  errors  is  usually  supposed  to  reflect  an  Increase  in 
workload.  However,  errors  may  occur  as  often  from  too  little  workload  (due  to, 
inattention  and  loss  of  vigiltnce)  as  from  too  much.  Furthermore,  it  is  diffi¬ 
cult  to  induce  errors  experimentally,  bo  it  has  proven  impossible  to  syste¬ 
matically  relate  their  occurrence  to  different  levels  or  sources  of  workload. 
Alternatively,  detecting,  diagnosing,  and  resolving  errors  cay  substantially 
increase  the  difficulty  of  a  task  and  the  amount  of  effort  required  to  complete 
it.  A  pilot  opinion  survey  suggested  that  pilots  experience  a  10  to  507.  in¬ 
crease  in  ongoing  workload  levels  with  the  occurrence  of  different  types  of 
pilot  and  system  errors  (Hart  4  Bortolussi,  1983).  Thus,  errors  may  prove  to  be 
a  significant  source  of  workload  as  well  as  a  consequence  of  it. 

Measures  of  control  error,  variability,  and  reversals  might  reflect  work¬ 
load  levels  in  tasks  that  require  continuous,  direct  control,  as  might  increased 
response  time  or  decreased  accuracy  in  discrete  control  tasks.  Wickens  (1984) 
recently  suggested  that  the  workload  margin  of  a  complex  task  could  be  deter¬ 
mined  by  Individually  manipulating  the  difficulty  of  specific  primary  task 
parameters,  thereby  depleting  different  resources.  If  sufficient  variations  in 
difficulty  are  possible,  this  procedure  empirically  evaluates  how  close  an 
operator  is  to  being  saturated  by  the  nominal  levels  of  task  difficulty. 

Advantages  and  Disadvantages . 

The  primary  advantage  of  system  performance  measures  is  they  reflect  how 
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well  task  objectives  were  satisfied.  However,  they  are  insensitive  to  varia¬ 
tions  of  workload  that  lie  within  an  operator's  capacity  to  recruit  additional 
resources  to  maintain  a  consistent  level.  In  addition,  performance  decrements 
may  reflect  extreme  (but  unsuccessful)  effort  in  response  to  excessive  task 
demands,  lack  of  attention  to  low  or  moderate  task  demands,  or  inappropriate 
selection  of  strategies.  Conversely,  excellent  performance  may  reflect  an 
appropriate  level  of  effort  for  an  easy  task  or  extreme  effort  applied  inap¬ 
propriately.  The  effort  required  to  achieve  or  improve  performance  is  not  the 
same  for  different  levels  of  performance.  Improving  task  performance  from 
adequate  to  good  might  require  a  moderate  increase  in  effort,  whereas  extreme 
effort  and  lengthy  training  might  be  required  to  improve  from  very  good  to 
perfect.  In  fact,  many  task9  have  a  maximum  level  beyond  which  no  further 
investment  of  effort  could  improve  performance.  Inconsistencies  in  the  mapping 
of  task  variables  onto  objective  system  changes  suggest  measures  of  performance 
alone  do  not  reflect  the  cost  of  producing  the  obtained  level  of  performance, 
the  capacity  remaining  to  perform  additional  tasks,  or  the  subjective  exper¬ 
iences  of  operators.  Single  measures  of  performance,  in  particular,  are  not 
diagnostic  and  do  not  reflect  strategy  changes.  However  multiple  performance 
measures  might  reflect  operators'  strategies,  suggest  specific  areas  of  over¬ 
load,  and  the  existence  of  an  overload  or  nonoverload  dichotomy. 

Performance  measures  are  often  already  in  existence  (and  are  not  intrusive 
to  the  operator),  bu.  they  may  require  additional  instrumentation  in  operational 
environments.  Furthermore,  many  measures  of  p  rformance  ate  task-specific  and  it 
is  difficult  to  compare  performances  across  tasks  that  do  not  provide  common 
measures  or  for  which  similar  measures  have  different  sensitivities,  distribu¬ 
tions,  or  meanings.  If  raw  measures  of  performance  are  obscured  by  computing 
proportions,  difference  scores,  or  standard  scores,  the  fact  that  underlying 
measures  are  not  related  may  not  be  obvious  (Kantowitz  &  Knight,  1978),  but  the 
possibility  of  inappropriate  comparisons  remains.  Finally  difficulty  manipula¬ 
tions  may  result  in  qualitatively  different  behaviors  and  workload,  while  overt 
responses  are  identical.  For  example,  reaction  time  has  been  U6ed  as  the  pri¬ 
mary  measure  for  an  incredibly  diverse  array  of  tasks  and  subtasks,  yet  the 
simple,  seductively  objective,  and  precise  value  reflects  a  host  of  underlying 
Drocesaea,  structures,  strategies,  experiences,  distributions,  and  limits  that 
are  invisible  except  by  Inference. 

Analysis  of  Workload  by  Secondary  Tasks 

Another  way  to  use  measures  of  performance  to  assess  workload  is  to  impose 
a  concurrent  secondary  task  (Bahrick,  Nobel,  &  Fitts,  1954).  The  tasks  that 
have  been  used  as  secondary  tasks  are  usually  drawn  from  laboratory  research, 
providing  a  relatively  direct  mapping  between  operator  behavior  and  measurable 
performance.  Thus,  secondary  task  performance  can  reflect  the  instantaneous 
capacity  of  the  operator  whereas  measures  of  primary  task  performance  may  re¬ 
flect  preprogrammed  routines,  system  lags,  and  vehicle  dynamics  o,  the  overall 
complex  system.  In  addition,  predictions  about  the  underlying  processes  and 
behavior  for  such  tasks  can  be  made  with  reference  to  extensive  theoretical 
research.  Secondary  task  performance  is  presumed  to  consume  whatever  resources 
remain  from  the  primary  task,  providing  an  indirect  estimate  of  the  capacity 
demanded  by  the  primary  task.  Unlike  dual-task  paradigms,  one  task  is  empha¬ 
sized  through  instructions,  rewards,  or  intrinsic  motivations.  The  other  is 
performed  in  the  oprrator'3  "free  time".  This  implies  that  operators  can  assess 
their  primary  task  performance  levels  accurately  enough  to  permit  such  contin¬ 
uous,  dynamic  allocation  of  resources. 

If  there  is  a  single  undifferentiated  pool  of  resources  to  be  allocated 
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among  activities,  then  one  standard  secondary  task  could  serve  as  a  common 
workload  "yardstick",  its  performance  being  proportional  to  the  resources  re¬ 
maining  from  a  range  cf  primary  tasks.  No  such  universal  task  has  been  found, 
however.  Instead,  different  tasks  have  teen  found  to  be  selectively  sensitive 
depending  on  the  pattern  of  requirements  shared  with  cpecific  primary  tasks 
(Wickens,  Sandry  &  Vidulich,  1983).  Task  interference  may  occur  at  different 
information  processing  stages,  because  of  insufficient  resources  to  accomodate  a 
particular  task  combination,  or  a  physical  impossibility.  In  addition,  there 
are  individual  differences  in  time-shaving  abilities  and  strategies  (Ackerman  & 
Schneider,  1984;  Damos,  1984;  Gopher  &  North,  1977;  Lansman  &  Hunt,  1982). 

Adopting  a  theory-based  approach  rather  than  relying  on  intuitions  greatly 
improves  the  diagnostic  power  of  this  paradigm.  The  first  step  requires  an 
analysis  of  the  primary  task  to  select  secondary  tasks  that  will  tap  common 
resources.  Since  every  task  is  composed  of  many  demands  that  vary  along  dif¬ 
ferent  dimensions,  it  is  impossible  to  construct  a  secondary  task  that  taps  just 
one  primary  task  component,  however.  Thus,  ecrements  on  several  secondary 
tasks  imposed  on  one  primary  task  provides  a  pattern  of  converging  information 
about  specific  sources  of  loading.  It  is  usually  considered  desirable  that 
secondary  tasks  should  not  interfere  physically  with  primary  tasks.  This 
implies  that  some  types  of  competition  are  desirable  (e.  g. ,  requiring  the  same 
mental  resources)  whereas  others  are  not  (e.g.,  moving  in  two  different  direc¬ 
tions  at  the  same  time).  An  alternative  approach  varies  the  intensity  of  effort 
required  on  primary  or  secondary  tasks  by  manipulating  their  difficulty  (Kanto- 
witz  &  Knight,  1976;  Kantowitz  et  al:  1984)  or  the  level  of  required  performance 
(Gopher,  Brickner,  &  Navon,  1982).  Finally,  the  timing  requirements  of  concur¬ 
rent  tasks  is  an  important  aspect  of  their  demand  characteristics.  For  example, 
some  tasks  may  be  so  successfully  interwoven  that  momenta-y  lapses  of  attention 
to  one  to  perform  the  other  can  be  accomodated  through  motor  coordination  and 
scheduling.  Other  tasks  may  require  continuous  attention  so  that  single-task 
performance  levels  cannot  be  maintained  without  consistent  attention. 

Specific  Methods 

Hundreds  of  tasks  have  been  used  to  measure  the  workload  imposed  by  other 
laboratory  tasks,  part-task  and  full-mission  simulations  and  operational  activi¬ 
ties.  Descriptions  of  tasks  used  for  this  purpose  have  been  published  elsewhere 
(Jex  &  Clement,  1979;  Ogden,  Levine,  &  Eisner,  1979;  Wierwille  &  Williges, 
1978),  thus,  the  review  offered  below  will  be  selective  and  more  cursory  than 
the  popularity  of  the  technique  warrants. 

Imbedded  tasks .  There  is  continuing  interest  in  identifying  workload- 
sensitive  subtasks  tnat  occur  naturally  as  components  of  a  variety  of  jobs. 
These  can  be  monitored  i  relevant,  unobtrusive  and  acceptable  alternatives  to 
artificial,  additional  activities.  Communications  and  time  estimation,  for 
example,  have  been  found  to  reflect  the  levels  of  workload  imposed  by  concurrent 
tasks  and  they  can  be  logically  included  in  many  operational  activities.  Not 
only  do  they  have  face  validity  and  operational  relevance,  but  they  measure 
operator  behavior  directly  and  can  be  obtained  in  operational  situations  where 
additional  activities  cannot  be  imposed. 

Reaction  Time  Tasks .  This  secondary  task  requires  a  rapid  response  to  the 
appearance  of  a  visual  or  auditory  stimulus.  Although  single  alternative  tasks 
have  been  used  (Connor  &  Wierwille,  1983),  the  more  typical  application  involves 
multiple  alternatives  (Gopher  &  North,  1974;  Kantowitz,  et  al,  1983,  1984; 
Kantowitz  &  Knight,  1976a).  The  latter  is  preferred  because  a  range  of  diffi¬ 
culties  can  be  generated  by  manipulating  the  number  of  alternatives  according  to 
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knotm  psychological  principles  and  because  it  imposes  additional  mental  require¬ 
ments  that  a  simple  stimulus/response  requirement  does  not.  While  single¬ 
alternative  tasks  have  limited  sensitivity  (Connor  A  Viervllle,  1983),  multiple- 
choice  tasks  have  discriminated  among  relatively  subtle  primary  tasks  load 
levels  ranging  from  incidental  learning  (risk,  Derrick,  &  Schneider,  1983)  to 
component  flight  tasks  (Kantowitz,  et  al,  1983;  1984).  This  task  has  the  advan¬ 
tage  of  simplicity  end  a  strong  theoretical  foundation.  Its  primary  drawback  is 
that  stimuli  are  not  presented  continuously  and  thus  reflect  no  more  than  the 
momentary  level  of  workload.  If  they  can  be  synchronized  with  the  occurrence  of 
primary  task  components  of  interest  (Kantowitz  et  al,  1983),  their  diagnostic 
power  and  sensitivity  would  be  improved  considerably. 

Memory.  Since  many  operational  tasks  are  predominantly  cognitive,  the 
choice  of  a  secondary  task  requiring  short-tem  memory  is  obvious.  A  commonly 
used  paradigm,  the  Sternberg  memory  search  task  (Sternberg,  1969;  1975),  was 
developed  originally  to  investigate  stages  of  human  information  processing. 
Subjects  remember  one  or  more  items  (the  memory  act)  and  compare  successive 
items  (probes)  to  the  memory  set.  If  the  probe  is  a  member  of  the  memory  set,  a 
positive  response  is  made.  If  not,  a  negative  response  is  mad;.  A  serial 
exhaustive  search  through  memory  characterizes  task  performance.  The  slope  of 
the  response* time/memory-set-size  function  reflects  a  constant  Increment  in 
response  time  for  each  additional  memo,.-/  9et  item.  I<:  is  assumed  the  memory 
search  continues  to  require  a  constant  amount  of  processing  time  (leaving  the 
slope  unchanged),  but  the  intercept  is  elevated  by  the  requirement  to  time-share 
this  task  with  another.  Although  these  relationships  have  been  found  in  many 
applications,  selective  interactions  with  different  perceptual  and  response  load 
manipulations  (Micalizzi  6  Wickens,  1980)  and  insensitivity  to  specific  manipu¬ 
lations  of  pilot  workload  (Connor  &  Wierwille,  1983)  are  also  common.  Under 
conditions  of  particular'y  high  workload,  operators  may  withhold  responses 
completely,  significantly  reducing  the  usefulness  of  the  measure.  This  occurred 
i.i  a  high  fidelity  simulation  (Hemingway,  1984)  and  inflight  (Schiflett,  1980) 
when  the  memory  search  task  was  introduced  to  assess  the  workload  of  different 
aircraft  handling  qualities  and  display  configurations.  If  responses  could  be 
obtained  consistently,  and  if  the  information  to  be  remembered  and  evaluated 
could  be  presented  as  an  integral  part  of  the  primary  task  (to  insure  its 
performance),  then  it  might  prove  to  be  a  more  useful  assessment  tool.  The 
primary  advantage  of  this  task  is  the  wealth  of  experimental  evidence  available 
about  performance  under  a  variety  of  circumstances. 

Monitoring.  Several  auditory  and  visual  monitoring  tasks  have  been  used  to 
measure  the  workload  ^f  other  laboratory  and  simulation  tasks.  Ephrath  and 
Curry  (1977)  required  pilots  to  perform  a  visual  failure  detection  task  while 
performing  a  simulated  low-visibility  approach.  The  secondary  task  was  most 
effective  when  the  failure  occurred  in  a  monitored  or  controlled  axis  and  work¬ 
load  was  somewhat  elevated.  Static  or  dynamic  monitoring  tasks  we^e  performed 
in  combination  with  five  other  laboratory  tasks  (Chiles,  Jennings,  &  Alluisi, 
1978).  Monitoring  performance  was  used  to  compute  the  workload  scale  against 
which  other  task  combinations  were  evaluated.  The  difficulty  of  a  monitoring 
task  can  be  manipulated  over  a  wide  range  and  the  consistency  of  attention 
required  can  be  varied  as  well,  satisfying  two  of  the  requirements  for  secondary 
tasks.  However,  the  tack  may  interfer  in  undesirable  ways  with  primary  tsrk 
performance  if  presented  in  a  conflicting  sensory  modality  and  application  in  an 
operational  environment  may  be  a  problem. 

Tracking.  The  use  of  pursuit  or  compensatory  manual  control  tasks  to 
evaluate  the  workload  of  other  tasks  has  been  limited  to  laboratory  settings, 
where  it  has  used  extensively.  Different  manipulations  (such  as  bandwidth, 
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frequency,  and  axes  controlled)  have  been  used  in  combination  with  other  acti¬ 
vities  to  investigate  models  of  human  performance  (Brickner  &  Gopher,  1981; 
Wickens,  Sandry,  &  Vidulich,  1983)  and  develop  and  validate  a  variety  of  work¬ 
load  rating  scales.  Its  primary  advantages  are  that  it  is  continuous,  the 
sources  and  magnitudes  of  difficulty  can  be  varied  over  a  wide  range,  and 
operator  behavior  can  be  measured  directly.  In  an  operational  environment,  such 
as  flying,  performance  on  one  control  might  be  monitored  to  indicate  the  capaci¬ 
ty  remaining  from  other  required  tasks,  providing  an  imbedded  "secondary"  task. 

Adaptive  tasks .  One  problem  in  interpreting  secondary  task  performance  is 
that  It  might  alter  primary  task  performance  (Fisk,  Derrick,  &  Schneider,  1983; 
Wierville  &  Vllllges,  1978).  To  overcome  this  difficulty,  the  idea  of  presen¬ 
ting  a  secondary  task  only  when  priaary  task  performance  is  within  an  acceptable 
tolerance  was  introduced  (Kelly  &  Wargo,  1967).  Alternatively,  the  difficulty 
of  the  secondary  task  could  be  varied  dynamically  as  a  function  of  primary  task 
performance  (Jex  &  Clement,  1979).  Techniques  presented  cross-adaptively  in¬ 
clude  critical  instability  tracking  tasks  (disturbances  are  varied  dynamically) 
or  digit  processing  (presentation  rate).  They  have  been  applied  in  operational, 
laboratory,  and  simulation  environments  and  have  some  advantages  over  nonadap- 
tive  ta3ks ,  however  they  are  relatively  difficult  to  implement  and  calibrate. 

Time  estimation.  Because  it  is  difficult  to  concentrate  on  the  passage  of 
time  in  the  presence  of  any  other  activity,  tapping  at  a  regular  rate,  producing 
specific  intervals  of  time,  or  retrospectively  estimating  the  duration  of  an 
activity  have  served  as  secondary  task  measures  of  ongoing  task  workload 
(Canal!  &  Wierwille,  1982,  1983;  Connor  &  Wierwille,  1983;  Gunning,  1978;  Hart, 
McPherson  &  Loomis,  1978;  Rahimi  &  Wierwille,  1932).  As  primary  task  demands 
draw  attention  away  from  timekeeping,  clock  time  continues  but  the  operator's 
perception  of  it  does  not.  Thus,  the  amount  of  time  that  passes  is 
underestimated  with  the  result  that  time  productions  increase  and  verbal 
estimates  decrease  in  length  and  the  variability  of  successive  estimates  in¬ 
creases.  Because  it  requires  little  instrumentation  or  training  and  car.  be 
included  as  a  normal  part  of  an  operator's  duties  it  has  certain  practical 
advantages.  Although  time  estimations  are  relatively  consistent  within 
Individuals  (providing  stable  baseline  levels),  they  reflect  momentary 
fluctuations  in  workload  imposed  by  competing  activities  (providing  a  sensitive 
indicator).  The  disadvantages  includes  the  need  for  repeated  presentations,  the 
fact  that  variations  in  workload  are  expressed  relatively  (with  respect  to  an 
individual's  baseline  rather  than  absolutely)  and  insensitivity  during  intervals 
of  nonperformance  (a  problem  common  to  all  periodic  techniques). 

Advantages  and  Disadvantages 

It  is  difficult  to  generalize  about  secondary  tasks  because  they  represent 
such  a  broad  range  of  activities.  However,  they  should  have  the  following 

properties:  face  validity,  insensitivity  to  some  variables  (such  as  practice) 
and  sensitivity  to  others  (determined  by  the  research  questions),  simplicity, 
reliability,  noninteractivity  with  the  primary  task  and  frequent  and  direct 
scoring  of  operator  behavior.  Well-chosen  secondary  tasks  are  more  likely  to 
measure  operator  reserve  -apacity  than  primary  task  measures  and  may  predict 
performance  under  other  circumstances.  They  may  provide  different  information 
about  the  workload  of  a  complex  tack  than  subjective  ratings  do,  as  each  is 
sensitive  to  different  task  variables  (Derrick,  1983;  Wickens  &  Yeh,  1982; 
1983).  They  may  be  the  only  objective  measure  sensitive  to  variations  in  low 
levels  of  workload  because  they  provide  sufficient  additional  loading  to  produce 
measurable  performance  changes.  Finally,  identifying  subtasks  that  occur  as 
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part  of  the  primary  task  itself  that  can  serve  as  "secondary”  task  measures  of 
primary  task  workload  without  imposing  additional  artificial  requirements  should 
expand  the  utility  of  this  technique.  A  disadvantage  of  this  might  be  the 
necessary  task-dependence  thus  engendered. 

Since  no  single  secondary  task  yardstick  has  energed  that  is  appropriate 
for  all  primary  tasks,  the  initial  promise  of  this  technique  has  not  been 
achieved.  Different  secondary  tasks  address  different  questions  and  there  are 
pragmatic  problems  associated  with  how  and  when  to  impose  them.  Adding  any 
additional  task  has  at  least  some  minimal  processing  cost,  and  many  tasks  inter¬ 
fere  with  primary  task  performance  because  of  the  structure  of  concurrent  tasks 
or  operators'  attention  allocation  policies.  In  addition,  secondary  tasks  may 
change  behavior  on  the  primary  task  qualitatively  as  well  as  quantitatively.  In 
fact,  the  combined  task  may  have  properties  not  present  in  either  task  performed 
separately.  In  an  operational  environment,  the  significant  advantages  of  using 
a  laboratory  task  (for  which  theory-base •’  predictions  can  be  made  with  assur¬ 
ance),  are  outweighed  by  the  disadvantages  of  requiring  obviously  unrelated  and 
artificial  activities  in  addition  to  normal  duties.  In  the  majority  of 
operational  environments  in  which  such  a  task  ha3  been  used,  operators  simply 
ignored  or  forgot  it  with  significant  frequency,  thereby  reducing  its 
sensitivity. 


Physiological  Measures 

Physiological  measures  of  workload  have  been  proposed  because  they  offer  a 
direct  indication  of  operators'  responses  to  the  demands  placed  on  them.  The 
underlying  assumption  is  that  measurable,  involuntary,  physiological  changes 
occur  ss  the  physical  and  mental  demands  of  a  task  vary.  In  addition,  since 
emotional  stress  may  accompany  increased  workload,  physiological  indicators  of 
arousal  might  provide  an  Indirect  method  of  assessent.  There  are  two  major 
classes  of  physiological  measures:  (1)  measures  of  emotional  and  physical 
activation  (e.g.,  heart  rate  and  variability,  respiration,  galvanic  Bkin  re¬ 
sponse,  muscle  tension,  pupil  size,  and  vocal  stress)  and  (2)  measures  of  mental 
and  perceptual  processing  (e.g.,  evoked  cortical  potentials  and  eye  point  of 
regard).  Measures  of  voluntary  activity  (cuch  as  hand  or  leg  movement)  are  not 
generally  considered  to  be  "physiological"  measures. 

Physiological  measures  can  be  obtained  unobtrusively,  they  rarely  interfer 
with  primary  task  performance,  and  many  vary  with  sufficient  frequency  to  be 
sensitive  to  momentary  shifts  in  workload.  Unfortunately,  their  use  has  met 
with  only  limited  success  (see  O'Donnell,  1979;  Wierwille  &  Williges,  1978);  no 
single  measure  or  set  of  measures  covaries  with  other  indices  of  workload  con¬ 
sistently  enough  to  serve  as  a  standard.  For  a  given  measure,  individual  dif¬ 
ferences  in  responses  to  various  task  manipulations  among  individuals  create 
problems,  and  different  measures  respond  selectively  and  independently  to  dif¬ 
ferent  aspects  of  activities.  In  addition,  stresses  placed  on  operators 
produce  psychological  and  physiological  effects  that  reflect  a  non-specific 
response  to  any  demand.  The  sources  of  stress  may  be  from  che  environment  in 
which  a  task  is  performed  or  the  emotional  reaction  of  the  operator.  The  latter 
may  be  related  to  the  task  either  directly  or  indirectly  or  to  events  that  are 
not  Job-related.  Finally,  while  it  is  relatively  easy  to  measure  physical 
activity  and  effort,  it  is  considerably  more  difficult  to  detect  cognitive  acti- 
vities.  Thus,  while  It  may  be  relatively  easy  to  obtain  measures  of  physiologi¬ 
cal  functions,  it  may  be  difficult  to  relate  them  to  variations  in  workload. 
Physiological  fluctuations  are  not  task  specific,  reflecting  physical  effort  and 
emotional  responses  in  a  general  way.  Finally,  most  techniques  require  special 
equipment  and  expertise,  and  may  be  impractical  in  applied  environments. 
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Measures  of  cardiac  functioning 


Many  commonly  used  physiological  measures  involve  monitoring  different 
attributes  of  the  circulatory  system.  Heart  rate,  heart  rate  variability,  blood 
pressure,  and  respiration  have  each  been  thought  to  reflect  workload  either 
directly  or  indirectly.  As  the  hec'rt  muscle  f  inses  and  relaxes  circulating 
blood  through  the  system,  variations  in  the  sound  of  a  heart  beat  and  residual 
electrical  potentials  can  be  recorded  on  the  skin  to  measure  different  fe-tures 
of  the  waveform.  If  diagnostic  precision  is  not  required,  then  measures  of 
cardiac  functioning,  like  subjective  ratings,  may  provide  an  integrated  indica- 
tlon  of  the  total  impact  of  an  experience  on  an  operator.  Unlike  subjective 
ratings  (that  reflect  an  operator's  conscious  evaluation  of  a  situation!,  how¬ 
ever,  some  physiological  measures  may  reflect  the  unconscious,  involuntary 
effect  of  imposed  task  demands  and  an  operator's  emotional  reaction  to  them. 

Heart  rate.  The  average  number  of  heart  beats  per  minute  is  easy  to  record 
and  has  been  used  to  measure  physical  and  mental  stress  in  many  studies  and  to 
estimate  workload  specifically  in  relatively  fewer  studies.  The  expectation  has 
been  that  heart  rate  will  Increase  as  workload  is  increased.  However,  this 
measure  rarely  has  demonstrated  adequate  sensitivity  to  empirical  changes  in 
imposed  task  demands  or  operator  behavior  other  than  for  physically  demanding 
tasks  (Borg,  1978)  or  for  those  that  involve  apprehension  (Spyker  et  al,  1971), 
due  to  idiosyncracies  among  subjects  (Jex  &  Clement,  1979).  For  relatively  low 
workload,  low  stress  simulated  flight,  heart  rate  was  found  to  reflect  varia¬ 
tions  in  physical  control  demands  (Connor  &  Vierwille,  1983),  but  not  the 
cognitive  aspects  of  siumulated  flight  (Casali  &  Wierwille,  1982 j  1983;  Rahimt  & 
Wierwllle,  1982).  For  operational  tasks,  such  as  flying,  the  typical  finding  <tas 
been  that  heart  rate  increases  upon  takeoff  and  landing,  but  only  if  pilots  are 
responsible  for  flying  the  aircraft  (Hart,  Hauser,  &  Lester,  1984;  Roscoe, 
1978;  1982;  Ruffle-Smith,  1979).  If  the  aircraft  was  flown  by  another  pilot, 
then  heart  rate  was  Insensitive  to  workload  variations.  Since  the  pilot-not- 
f lying  was  still  an  occupant  in  the  aircraft  under  the  latter  circumstances,  it 
sugests  that  apprehension  or  fear  is  not  the  cause  of  variations  found  for  the 
pilot  responsible  for  flying  the  aircraft.  Rather,  maintaining  a  level  of 
preparedness  appropriate  for  the  degree  of  responsibility  seems  to  be  the  key 
factor.  Such  an  elevated  arousal  level  may  result  in  high  heart  rates  in 
anticipation  of  maneuvers  and  inadequate  performance  may  occur  if  it  is  absent 
(Roscoe,  1982).  Thus,  heart  rate  may  provide  information  about  the  state  of  the 
operator,  but  it  may  not  relate  to  "workload"  per  se.  In  summary,  heart  rate  is 
an  easy  measure  to  obtain,  and  may  reflect  some  information  about  the  stats  of 
an  operator,  but  it  may  not  be  sensitive  to  variations  in  cognitive  workload, 
particularly  in  situations  where  responsibility  and  stress  do  not  have  a  role  in 
workload. 


Heart  rate  variability.  Although  heart  rate  may  be  affected  by  so  many 
subtle  psychological  and  physiological  processes  that  it  is  not  a  useful  work¬ 
load  measure,  heart  rate  variability  (or  sinus  arrythmia),  has  been  found  to  be 
relatively  sensitive.  Even  though  many  statistical  procedures  have  been  used, 
the  common  finding  is  that  heartbeat  irregularity  in  a  resting  subject  is  sup¬ 
pressed  as  the  difficulty  of  a  task,  particularly  a  mentally  demanding  task,  is 
increased.  An  entire  issue  of  Ergonomics  (1973,  ^6*  1-112)  was  devoted  to  this 
measure,  euggesting  the  widespread  interest  in  it.  Even  though  it  has  been  found 
to  be  sensitive  across  a  wide  range  of  tasks  and  load  levels  (summarized  in 
O'Donnell,  1979;  Wierwille  &  Williges,  1978),  no  sensitivity  has  been  found  for 
others  (Gaume  &  White,  1975;  Hicks  &  Wierwille,  1980;  Casali  &  Wierwille,  1982; 
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1983).  Thic  seems  to  be  the  most  promising  measure  of  cardiac  functioning, 
howiver,  even  it  does  not  reflect  workload  in  all  cases. 

The  0.1  Hz  region  of  the  spcrrral  analysis  of  the  beat-to-beat  interval  haa 
been  related  to  the  amount  of  controlled  information  processing  (Mulder,  1979). 
Variations  in  power  in  the  0.1  Hz  region  are  thought  to  reflect  mental  workload, 
decreasing  as  workload  is  increased.  Since  variability  in  this  region  contri¬ 
butes  significantly  to  heart  rate  variability,  it  should  reflect  similar  pro¬ 
cesses  indirectly. 

Blood  pressure.  Blood  pressure  may  increase  with  the  stress  that  may 
accompany  workload,  however  it  may  not  relate  to  variations  in  worklod  in  the 
absence  of  increased  stress.  In  addition,  practical  problems  limit  its  utility 
as  a  workload  metric.  Although  it  is  a  relatively  easy  measure  to  obtain,  and 
can  be  automated,  it  cannot  be  recorded  continuously  and  repeated  cuff  infla¬ 
tions  causes  discomfort.  Finally,  blood  pressure  reactivity  to  environmental 
and  task  strecsors  may  not  covary  with  other  measures  of  cardiac  functioning  and 
differs  among  individuals.  For  example,  it  has  been  found  that  "type  A"  indivi¬ 
duals  (with  otherwise  normal  blood  pressure  levels)  exhibit  momentary  increases 
in  blood  pressure  in  response  to  frustration,  failure,  and  time  pressure,  while 
"type  B'  individuals  do  not  (Chesney  &  Roaenman,  1983)  ).  This  finding  suggests 
an  interesting  application  of  physiological  measures  to  characterize  individual 
operators'  responses  to  different  situations. 

Respiration.  There  is  some  indication  that  breathing  patterns  reflect 
workload,  becoming  more  shallow,  regular,  and  rapid  (Wierwille  &  Williges, 
1978).  For  example,  Spyker  et  al  (1971)  found  that  the  volume  and  frequency  of 
breathir-g  were  cotrelated  with  subjective  workload  assessments.  However,  others 
have  found  no  such  correlation  (Gaume  &  White,  1975;  Casali  &  Wierwille,  1933). 
A  high  correlation  between  heart  rate  and  respiration  rate  is  often  reported, 
reflecting  the  physical  demands  of  a  task.  It  has  been  suggested  that  compo¬ 
nents  of  heart  rate  and  blood  pressure  related  to  respiration  can  be  sta¬ 
tistically  removed  in  the  frequency  domain  between  0.2  and  0.4  Hz. 

Galvanic  skin  response 

Galvanic  skin  response  (GSR)  is  a  term  used  to  describe  the  resistance  of 
the  skin  to  the  flow  of  mild  electrical  current  between  two  electrodes.  Emo¬ 
tional  reactions  to  different  situations  may  alter  the  moisture  content  of  the 
skin,  thereby  changing  its  conductance.  This  technique  has  been  used  for  years 
as  a  "lie  detector"  test  in  law  enforcement,  however  its  direct  aDnlication  to 
workload  assessment  may  be  somewhat  limited.  This  measure,  like  so  many  ether 
physiological  techniques,  reflects  primarily  the  level  of  activation  or  arousal 
of  the  operator,  rather  than  components  of  workload  associated  with  imposed 
demands  or  operator  behavior.  In  addition,  it  requires  many  replications  for 
ensemble  averaging,  there  are  large  individual  differences  in  reactivity,  and 
it  responds  relatively  slowly  to  changes  in  the  environment  (O'Donnell,  1979). 

Measures  of  eye  function 

Because  so  much  information  presented  to  operators  of  modern  systems  is 
presented  visually,  an  operator  may  consciously  or  unconsciously  control  the 
flow  of  information  through  blinking,  direction  of  gaze,  and  focal  length. 
Thus,  monitoring  changes  in  these  parameters  might  provide  useful  indications 
of  visual  workload.  In  addition,  eyes  are  not  only  a  major  channel  through 
which  information  is  received,  but  also  may  serve  as  a  source  of  information 
about  the  internal  state  of  an  operator  (O'Donnell,  1979). 
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Pupil  diameter .  Variations  in  pupil  size  have  been  found  to  reflect  varia¬ 
tions  in  mental  workload  with  a  relatively  high  degree  of  reliability.  Pupil 
size  has  been  related  to  problem  difficulty,  the  effort  involved  in  finding  a 
solution,  and  short  term  memory  requirements  in  several  studies  (Beatty,  IS 79 j 
Casali  &  Wierwille,  1983;  Kahneman  &  Beatty,  1967).  Size  changes  occur  rapidly 
from  the  onset  of  stimuli,  suggesting  that  thiR  measure  may  be  used  to  evaluate 
moment- to-moment  variations  in  workload.  In  addition,  it  is  possible  to  obtain 
and  analyze  pupil  size  information  precisely  and  automatically  and  this  infor¬ 
mation  is  often  available  coincidentally  when  eye  movements  are  monitored.  The 
major  advantage  of  this  measure  is  its  sensitivity  to  workload  differences  among 
different  tasks  as  well  as  to  more  subtle  differences  within  a  task.  Its  major 
drawback  is  its  responsiveness  to  factors  other  than  workload  (e.g.  eye  move¬ 
ments  and  blinks,  change  in  ambient  lighting,  and  emotions),  however  it  shows 
promise  for  workload  evaluation  in  environments  where  there  are  suitable  recor¬ 
ding  devices  and  lighting  can  be  controlled. 

Eye  blinks.  It  has  been  suggested  that  blink  rate  is  inversely  related  to 
mental  workload  (see,  for  example,  Holland  and  Tarlow,  1972).  More  recently, 
both  timing  and  duration  of  eyeblinks  as  well  as  frequency  have  been  found  to 
reflect  workload-related  phenomena  in  simulated  flight  (Stern  &  Skelly,  1984). 
Shorter  durations  were  found  for  the  pi lot- in-command  than  for  the  copilot  and 
for  high-workload  weapons-delivery  and  threat-avoidance  flight  segments.  Longer 
duration  eyeblinks  were  found  as  time-on-task  increased,  suggesting  that  fatigue 
as  well  as  workload  are  relevant.  Blinking  was  inhibited  while  information  was 
being  obtained  and  tended  to  occur  after  decisions  had  been  made,  suggesting 
the  possible  use  of  this  measure  to  assess  information  processing  activity. 

Direction  of  gaze.  The  primary  reason  this  measure  is  used  in  applied 
settings  has  been  to  determine  what  instruments,  displays,  and  information 
sources  were  used  by  operators  as  well  as  the  pattern  of  fixations.  Operators 
selectively  invest  more  time  and  attention  in  some  sources  of  information  then 
others.  The  shifts  in  eye  fixation  may  reflect  conscious,  active  attempts  to 
seek  required  information  to  accomplish  a  task,  a  learned,  automatic  scan 
pattern,  or  an  unfocused  glance  while  information  from  another  sensory  modality 
is  processed.  Measurement  techniques  range  from  video  cameras,  placement  of 
electrodes  around  the  eye,  to  oculometers  in  which  one  or  more  infrared  light 
sources  are  reflected  off  the  cornea  to  a  recorded  image  of  the  visual  field. 
Although  oculometers  provide  the  most  precision  and  automated  data  recording  and 
scoring,  they  are  expensive  and  require  restriction  of  operator  head  movements 
(unless  they  are  helmet-mounted).  Some  typical  findings  will  be  described 
below,  although  the  range  of  applications  is  much  greater  than  this  cursory 
review  suggests.  The  amount  of  visual  free  time  has  been  evaluated  as  an 
indirect  measure  of  concurrent  task  workload  (Harris,  et  el,  1982;  Sanders,  et 
al,  1977;  Strother,  1973).  For  this  measure,  the  time  spent  looking  as  a  side 
task  reflects  the  visual  monitoring  and  processing  resources  available  after 
performance  of  a  primary  task.  The  degree  to  which  an  operator's  direction  of 
gaze  leads  (or  lags  behind)  movement  of  a  target  can  be  monitored  as  an  indica¬ 
tor  of  the  difficulty  of  the  movement  trajectory  being  tracked  (Hartzell,  1976). 
Fixation  durations  have  been  found  to  decrease  as  workload  is  increased  in 
simulated  and  actual  flight  (in  Gerathewohl,  et  al,  1978).  Workload-related 
changes  in  scan  patterns  may  occur  to  eliminate  r.onessential  sources  of  informa¬ 
tion  under  conditions  of  high  loading  (Spicuzza  et  al,  1974).  Thus,  eye  move¬ 
ment  patterns  and  transition  probabilities  may  reflect  changes  associated  with 
variations  in  workload  and  training  level  (Stephens  et  al,  1980). 

Although  information  about  where  an  operator  is  looking,  and  for  how  long. 
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may  be  useful,  there  are  many  pragmatic  problem*  associated  with  implementation 
and  interpretation,  and  the  relationships  among  dwell  time,  scan  patterns,  and 
workload  are  not  straightforward.  For  example,  information  is  processed  from 
the  periphery  of  the  field  of  view  as  well  as  from  the  center  and  not  all 
information  within  the  fovea  is  processed.  Individuals  may  choose  to  concentrate 
on  any  number  of  different  aspects  of  a  visual  stimulus  (e,g.,  color,  shape, 
meaning,  location,  etc)  and  it  is  impossible  to  determine  which  aspect(s)  are 
being  processed  from  the  direction  of  gaze.  Finally,  the  measurement  equipment 
is  often  uncomfortable  and  may  limit  range  of  movement,  reducing  the  utility  of 
this  measure  in  an  operational  environment. 

Electrophyslologlcal  Techniques 

The  measurement  of  electrical  activity  of  the  brain  has  been  studied  a3 
an  objective  index  of  workload  because  of  the  obvious  connection  between  the 
brain  and  behavior.  The  occurrence  of  specific  sensory  events  has  been  related 
to  predictable  patterns  of  electrical  activity  in  specific  parts  of  the  brain 
recorded  by  scalp  electrodes;  the  event  related  potential  (ERP) .  Unlike  the  raw 
electroencephalogram  (EEG),  which  has  been  difficult  to  associate  with 
information  reception  or  processing,  the  ERP  "signal"  can  be  detected  in  the 
"noise"  of  the  ongoing  brain  activity  by  statistically  averaging  several  occur¬ 
rences  of  similar  events,  since  the  electrical  activity  of  the  brain  evoked  by 
one  event  tends  to  follow  the  same  course.  A  typical  finding  would  be  that  the 
latency  and  amplitude  of  "early  "  components  of  the  electrical  activity  that 
follows  the  occurrence  of  information  (within  200  msec)  increase  as  a  function 
of  processing  required  to  encode  the  information.  Cognitive  processing  workload 
has  been  associated  with  the  amplitude  and  latency  of  the  "late"  positive  compo¬ 
nent  that  occurs  between  300  and  500  msec  after  the  onset  of  a  stimulus.  If  the 
ERP  is  elicited  by  information  required  for  a  secondary  task,  its  amplitude  is 
decreased  as  the  workload  of  the  primary  task  is  increased.  This  sensitivity  to 
workload  variations  across  stimulus  sensory  modalities  covacies  with  secondary 
task  performance  measures  of  workload  (Israel,  et  al,  1980).  More  recently 
(Kramer,  Wickens,  &  Donchin,  1984),  ERP  amplitudes  obtained  with  a  secondary 
task  paradigm  reflected  the  degree  to  which  elements  of  the  "secondary"  task  are 
also  required  for  "primary"  task  performance.  Lower  priority,  truly  "secondary" 
task  attributes  which  do  not  become  integrated  with  a  primary  task  have  the 
lowest  processing  priority  and  are  associated  with  the  lowest  amplitude  late 
component  of  the  ERPs. 

Another  commonly  used  technique  for  measuring  workload-related  electrical 
brain  activity  is  the  steady  state  evoked  potential.  With  this  method,  a  stimu¬ 
lus  is  presented  at  least  eight  times  per  second  and  EEG  activity  during  the 
presentation  of  each  stimulus  event  is  recorded.  The  amplitude  and  phase  angle 
of  the  resulting  ERPs  provide  a  stable  measure  of  relatively  small  changes  in 
the  environment  (Wilson,  1981;  Wilson  &  O'Donnell,  1982). 

Neurophysiological  recordings  provide  the  only  direct  measure  of  infor¬ 
mation  processing  activities.  In  addition,  surface  scalp  electrodes  rarely 
interfere  with  performance.  Evoked  potential  measures  are  complex,  providing 
multiple  sources  of  information.  Different  electrode  locations  on  the  scalp  and 
the  latencies  and  amplitudes  of  different  aspects  of  the  waveform  are  responsive 
to  different  stimulus  properties  and  decision-making  activities.  Finally,  be¬ 
cause  these  electrical  signals  are  evoked  by  discrete  and  experimentally  con¬ 
trollable  events,  neurological  events  can  be  pinpointed  with  temporal  precision, 
reflecting  fluctuations  in  task  demands  or  the  effect  of  combining  primary  and 
secondary  tasks.  It  is  less  easy  to  interpret  the  information  than  it  is  to 
obtain  it,  however,  and  it  may  be  difficult  to  identify  responses  to  discrete 
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•vents  in  the  midst  of  ongoing  activity  in  a  realistically  complex  task.  Steady 
state  and  evoked  potential  measures  are  expensive  to  rotain  and  require  speci¬ 
alized  hardware,  extensive  data  storage  and  reduction,  and  electrically  "clean" 
environments.  Finally,  they  are  subject  to  many  artifacts  (e.g.,  eye  movements 
or  eye  blinks)  which  might  themselves  be  associated  with  the  level  of  workload. 

Analytic  Methods  to  Assess  and  Predict  Workload 

A  comprehensive  model  of  man-machine  systems  in  which  behavior  and  perfor¬ 
mance  is  described  and  predicted  in  terms  of  costs  and  benefits  is  the  ultimate 
goal  of  workload  assessment  technology.  The  designation  "model"  may  be  applied 
relatively  loosely  to  include  dynamic,  mathematical  equations  used  to  predict 
human  behavior  and  performance  as  well  as  descriptive  flow  diagrams,  networks, 
and  computer  simulations  of  complex  systems.  The  critical  test  for  any  analytic 
tool  ia  its  ability  to  predict  future  performance  from  current  information 
without  the  need  for  empirical  investigation  or  costly  cut  and  try  methods. 
Most  available  paper  and  pencil  or  computerized  models  were  developed  to  predict 
system  and  operator  performance  and  only  address  workload  as  a  model  parameter. 
However,  these  models  can  be  useful  for  reducing  and  interpolating  empirical 
pht  omena  so  as  to  explain  complex  and  interactive  relationships  among  task 
demands,  system  behavior,  performance,  and  operator  experience.  They  usually 
Include  both  system  parameters  (e.g.,  vehicle  dynamics)  and  operator  parameters 
(e.g.,  muscular  lag).  They  may  offer  insight  into  human  behavior  by  manipula¬ 
tion  and  control  of  relevant  model  parameters  through  an  unstructured  correla¬ 
tional  approach  (with  no  reflection  of  cause  and  effect)  or  a  structured  one  in 
which  elements  represent  the  relationship  between  specific  input  and  output 
variables.  Workload  estimation  is  accompished  by  examining  the  values  assumed  by 
relevant  model  parameters  in  order  to  achieve  the  beBt  fit  between  predicted  and 
obtained  data  in  the  development  phase.  If  parameters  that  reflect  human 
information  processing  structures  and  limitations  in  addition  to  psychomotor 
factors  can  be  identified  and  incorporated  into  model  structures  and  if  the 
focus  of  the  models  can  be  expanded  to  include  discrete,  infrequent,  supervisory 
control  functions  in  addition  to  continuous  closed-loop  control,  then  substan¬ 
tially  greater  benefit  might  be  derived  from  modelling  efforts  in  terms  of 
workload  prediction  and  assessment.  As  there  are  several  excellent  reviews  of 
the  use  of  analytic  techniques  for  the  measurement  of  workload,  (Parks,  1979; 
Phatek,  1983;  Poston,  1978;  Soulsby,  1983),  the  following  overview  will  be 
brief. 

Task  description  is  the  mandatory  starting  point  for  any  modelling  process, 
however,  the  form  of  the  description  and  the  role  assigned  to  the  human  operator 
depends  on  the  model  struct-re.  Quantitative  values  are  determined  either 
|  theoretically  or  empirically.  The  resulting  structure  can  be  applied  to  the  set 
of  tasks  for  which  data  do  exist  and  can  be  extended  to  other  situations  if  the 
underlying  theory  permits.  Before  discussing  any  specific  modeling  approeches, 
some  basic  issues  related  to  the  combination  of  even  the  simplest  of  subtasks 
into  a  complex  task  might  be  considered.  Few  tasks  characteristic  of  modern 
systems  require  the  continuous  inner-loop  control  that  was  the  focus  of  early 
man-machine  models.  Rather,  most  involve  a  series  of  discrete,  short-term, 
maneuvers  and  segments  (Heffley,  1983)  that  may  interact  and  overlap  in  time  and 
function.  Operator  workload  may  vary  greatly  depending  on  how  operators  organ¬ 
ize  their  actions  and  execute  the  subtasks.  Considerable  information  exists 
about  the  performance  of  many  critical  task  elements,  and  global  measures  of 
performance  and  operator  opinions  can  be  obtained  about  the  completion  of  com¬ 
plex  missions.  The  need,  then,  is  to  determine  the  rules  by  whi~h  estimates  of 
subtask  workload,  performance,  and  completion  time  can  be  combined  to  predict 
the  workload  or  performance  of  operationally  complex  missions  with  new  or  exis- 
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ting  equipment  and  procedures  under  a  realistic  range  of  circumstances. 

For  many  tasks,  subtask  workloads  may  be  combined  by  a  simple  additive 
function  with  a  small  cost  (defined  as  increased  workload  or  performance  defi¬ 
cits)  for  concurrence.  This  function  was  found,  for  example,  when  individual 
laboratory  tasks  (e.g.  single*  and  dual-axis  tracking,  memory  search,  dichotic 
listening,  etc.)  were  combined  spatially  and  temporally,  but  were  not  integrated 
functionally  (Gopher  &  Braure,  1983).  Overall  task  load  may  be  equal  to  the  sum 
of  component  levels  plus  a  significant  concurrence  cost  for  activities  that 
compete  for  common,  limited  resources.  The  joint  performance  of  subtasks  that 
each  independently  require  the  same  limited  resources  will  impose  more  workload 
than  would  be  predicted  by  simply  combining  single  task  levels.  Performance 
decrements  on  some  or  all  of  the  component  subtasks  may  be  significant,  and 
additional  time  will  be  required  to  switch  among  the  competing  tasks.  Resources 
may  be  shifted  from  one  task  to  another  (if  they  share  structural  properties  and 
require  some  common,  limited  resource),  with  a  consequent  change  in  performance 
and  workload  (Broadbent,  1982;  Navon  &  Gopher,  1979;  Norman  &  Bobrow,  1976). 
If  they  do  not,  then  shifting  priorities  or  changing  the  difficulty  of  one  task 
will  have  little  influence  on  performance  of  another,  structurally  unrelated 
task.  Other  rules  for  combining  component  tasks  loads  have  been  found,  as 
well.  For  example,  Hart,  Sellers  and  Guthart  (1984)  and  Kantowitz,  et  al, 
(1984)  selected  laboratory  tasks  (target  acquisition  and  memory  search)  and 
components  of  simulated  aircraft  control  (e.g.  heading,  altitude,  speed,  etc) 
that  could  be  functionally  integrated  and  shared  common  elements.  It  was  found 
that  groups  of  tasks  were  performed  considerably  more  quickly  and  with  less 
workload  than  might  be  predicted  from  combining  single  task  levels. 

The  sources  of  workload  may  shift  from  one  mission  segment  to  another.  For 
example,  vehicle  characteristics  and  information  rates  may  drive  the  level  of 
workload  at  some  points,  whereas  inadequate  time  to  complete  urgent  tasks  or  3 
perception  of  risk  may  be  more  salient  at  other  times.  Thus,  concepts  of 
effort,  difficulty  and  capacity  limits  must  be  applied  carefully  when  estima¬ 
ting  the  load  that  will  be  imposed  by  subtask  combinations  in  complex  systems. 
If  information  is  well  integrated  (in  sensory  terms)  or  if  the  same  response 
serves  to  complete  several  subtasks,  multiple  tasks  can  be  performed  concur¬ 
rently  with  little  decrement  in  performance,  and  little  increase  in  workload 
over  the  single  task  level.  In  addition,  since  complex  systems  require  the 
performance  of  many  discrete,  short-term,  subtasks,  the  way  that  subtasks  fit 
together  temporally  becomes  a  critical  factor  in  estimating  overall  workload. 
It  is  clear  that  the  time  required  to  complete  subtasks  is  not,  by  itself, 
sufficient  to  predict  the  workload  that  the  task  will  impose  under  different 
circumstances  or  when  it  is  performed  in  combination  with  other  activities. 

Time  Line  Analysis 

The  simplest  model  structure  is  a  time  line  analysis  in  which  execution 
times  and  schedules  of  all  task  elements  are  enumerated.  Workload  is  defined  aa 
time  pressure  and  is  quantified  by  computing  the  ratio  between  the  time  required 
for  tesk  performance  and  the  time  available.  When  this  ratio  is  one,  the 
operator  is  constantly  occupied  by  some  aspect  of  the  task  and  has  reached  his 
workload  capacity  limit.  Some  approaches  allow  for  loadings  that  exceed  this 
value,  acknowledging  the  possibility  that  operators  can  accomplish  concurrent 
ta6ks  within  the  same  period  of  time. 

The  Workload  Assessment  Model  (WAM)  of  the  Computer-aided  Function  Alloca¬ 
tion  and  Evaluation  System  (CAFES)  developed  at  the  Naval  Air  Development  Center 
i®  one  example  of  such  an  approach,  although  the  formulation  of  a  time  line  f^r 
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hardware  use  or  mission  conduct  is  performed  almost  universally  in  any  complex 
system  development  process.  The  Systems  Analysis  of  Integrated  Networks  of 
Tasks  (SAINT)  is  another  such  model  (Seifert,  &  Chubb,  1978).  It  is  a  simula¬ 
tion  model  comprised  of  a  collection  of  sequential,  dynamic,  submodels  repre¬ 
sented  in  a  network.  The  fundamental  elements  are  tasks,  required  resources, 
relationships  among  tasks,  and  system  status  variables  implemented  in  a  symbolic 
computer  language.  It  operates  by  searching  for  the  optimal  path  through  the 
network.  Simulation  models  such  as  SAINT  and  the  Human  Operator  Simulation 
(HOS)  model  (Lane,  et  al,  1980),  which  focus  on  the  management  of  cockpit 
information,  allow  the  prediction  of  system  workload  and  performance  with  a 
computer-based  analysis  program.  The  utility  of  this  approach  depends  on  the 
fidelity  of  the  assumptions  and  algorithms  used  to  describe  operator  behavior 
and  the  completeness  of  the  subtasks  included.  Workload  and  performance  are 
predicted  (and  later  measured)  by  combining  information  about  the  component 
subtasks.  These  models  are  based  on  two  primary  assumptions s  (1)  the  human 
operator  is  a  single  channel  processor  who  generally  does  one  thing  at  a  times 
and  (2)  the  time  available  to  do  a  task  in  sequence  with  other  tasks  is 
invercely 

related  to  workload.  Each  additional  increment  in  task  demand  is  assumed  to 
require  an  increase  in  effort  until  the  capacity  of  the  operator  is  exceeded.  A 
strictly  additive  sihgle-capacity  model  predicts  that  a  given  task  should  add  a 
constant  amount  of  workload  to  any  ongoing  activity  and  the  amount  can  be 
predicted  from  single  task  levels. 

Analytic  Models 

Analytic  models  reduce  the  prcblem  of  operator  modeling  to  one  of  defining 
relevant  pilot  inputs  and  system  outputs  and  the  mapping  between  them.  Un¬ 
structured  models  treat  the  human  element  as  a  "black  box",  relating  inputs  and 
outputs  so  as  to  achieve  the  best  fit  between  empirical  data  and  the  ou.  out  of 
the  model,  without  concern  for  the  underlying  human  information  procecsing 
structures.  The  describing  function  model  is  one  example  of  an  unstructured 
model.  It  depicts  the  human  operator  as  a  quasi- linear  servomechanism  in  the 
frequency  domain  (McRuer  &  Jex,  1967).  The  classical  formulation  equates 
workload  with  the  amount  of  lead  generation  and  gain  required  of  the  operator  to 
compensate  for  system  perturbations.  The  portion  of  the  human  response  that  is 
unrelated  to  the  vehicle  forcing  function  is  term'd  "remnant".  The  "Paper 
Pilot"  model  (Anderson,  1970)  makes  explicit  the  goal  of  all  modeling  efforts  - 
-  that  of  matching  the  predictions  and  descriptions  of  workload  to  the  subjec¬ 
tive  opinions  provided  by  human  operators.  This  approach  assumes  that  human 
operators  select  whatever  strategy  will  result  in  the  lowest  level  of  rated 
workload,  and  that  performance  and  workload  will  have  a  reciprocal  relationship 
with  respect  to  pilot  opinions  (Phatek,  1983).  Because  both  workload  and  per¬ 
formance  are  assumed  to  be  the  weighted  sum  of  many  components,  and  because 
their  effects  are  cssumed  to  be  additive,  any  number  of  possible  variations  in 
performance  anti  wovkload  can  predict  the  same  rating  of  workload.  This  elimi¬ 
nates  the  possiblity  of  a  unique  (and  therefore  diagnostic)  solution.  Un¬ 
structured  models  provide  a  useful  method  for  analyzing  closed-loop  manual 
control  tasks  in  which  the  human  operator  may  in  fact  act  as  steady-state, 
linear,  controller.  Because  the  model  parameters  are  not  based  on  the  capaci¬ 
ties  or  structures  of  the  human  information  processing  system  and  the  underlying 
rules  of  thumb  may  predict  machine  load  more  accurately  than  the  behavior  and 
experience  of  human,  this  type  of  model  has  limited  utility  for  workload 
quantification  or  prediction. 

Structured  models 
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The  optimal  control  model,  which  was  originally  proposed  for  continuous 
manual  control,  characterize  the  human  operator  as  an  optimal  Btate  estimator 
and  controller.  It  is  a  normative  model  that  describes  what  a  well-trained, 
highly  motivated  human  operators  should  do  to  compensate  for  system  perturba¬ 
tions  and  theiv  own  internal  limitations.  Workload  is  related  to  the  effort 
required  to  improve  an  inadequate  internal  model  of  the  cystem,  relating  di¬ 
rectly  to  the  signal/noise  ratio  of  the  system  controlled.  Within  this  frame¬ 
work,  workload  has  been  defined  as  the  fraction  of  an  operator's  capacity  re¬ 
quired  to  perform  a  given  task  (Levison,  Elkind,  &  Ward,  1971).  Again,  pilot 
opinion  ratings  are  universally  used  to  "validate"  the  success  of  the  mode]  in 
describing  and  predicting  operator  workload.  Specific  model  parameters  are 
related  to  different  aspects  of  human  behavior.  This  has  an  obvious  advantage 
for  workload  assessment,  because  there  is  some  degree  of  isomorphism  between 
model  parameters  and  human  perceptual,  cognitive  and  motor  capabilities,  but 
there  is  still  no  guarrantee  that  any  set  of  model  parameters  uniquely  describes 
the  obtained  data  (Phatek,  1983 i  Phatek  et  al,  1976).  The  model  is  not  parsi¬ 
monious  in  representing  the  response  behavior  of  human  operators,  and  its  vali¬ 
dation  still  depends  on  subjective  ratings. 

decision  models  focus  on  the  operator's  sampling  of  information  from  dif¬ 
ferent  displays  to  make  dynamic  decisions  about  scheduling  task3.  Workload  is 
assumed  to  relate  to  uncertainty,  time  pressure,  switching  from  one  task  to 
another,  and  planning.  In  information  theory  models,  definitions  of  task  de¬ 
mands  and  predicted  performance  have  been  derived  from  conditional  probabilities 
and  workload  imposed  by  different  activities  estimated  by  the  fraction  of  the 
operator's  attention.  Supervisory  control  models  focus  on  such  task  features  as 
scheduling  of  individual  task  elements  or  groups  of  elements,  subtask  priority, 
payoffs,  and  difficulty,  and  the  number  and  rate  of  individual  tasks  to  be 
performed.  Abstract  simulations  of  process  control  tasks  have  been  used  to 
determine  task  parameters  that  are  influential  in  creating  different  workload 
experiences  with  a  supervisory  control  task  (Hart,  Battiste,  &  Lester,  1984; 
Tulga,  1978). 

Petri  nets,  which  are  abstract,  formal  representations  of  the  flow  of 
information  and  control  through  a  system,  have  been  proposed  rs  a  framework 
within  which  to  quantify  and  predict  the  workload  associated  with  complex  man- 
machine  tasks  (Madni  &  Lyman,  1983).  "Places"  are  static  or  dynamic  activities. 
They  are  equated  with  human-related  processes  and  activities.  Passive  activi¬ 
ties  are  associated  with  the  least  load,  whereas  skill-based,  rule-based,  and 
knowledge-based  dynamic  activities  (Rasmussen,  1983)  are  associated  with  increa¬ 
sing  levels  of  workload.  "Transitions"  from  one  activity  to  another  are  charac¬ 
terized  by  Boolean  expressions  involving  the  normal  completion  of  internal 
events  (low  workload)  or  the  occurrence  of  an  expected  (moderate  workload)  or 
unexpected  (high  workload)  external  stimuli  or  conditions.  Although  this  ap- 
pioach  to  workload  prediction  has  yet  to  be  applied  to  an  operational  system,  it 
shows  promise  as  a  structure  for  relating  different  types  of  imposed  workloads 
to  different  levels  of  operator  behavior  and  experiences.  As  with  other  models, 
the  success  of  a  Petri  net  in  predicting  workload  is  validated,  and  in  fact 
iteratively  created,  by  eliciting  information  from  skilled  operators. 

Expert  systems  have  been  used  to  assess  and  predict  human  operator  workload 
in  complex  systems.  For  example,  the  Crew  and  Aircraft  Sub-Systems  Model  for 
the  Management  of  Aircraft  Equipment  (MESSAGE)  was  developed  and  applied  to  the 
transfer  of  information  and  flight  path  control  in  transport  aircraft  manufac¬ 
tured  by  Airbus  Industrie  (Boy  &  Tessier,  1983).  Unlike  earlier  pilot  models, 
MESSAGE  was  developed  explicitly  to  assess  aircrew  workload.  It  can  perform  a 
static  taskload  analysis  as  well  as  a  dynamic,  interactive  workload  estimation 
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for  a  specific  mission.  It  contains  human  operator,  cockpit,  and  air  traffic 
control  models  designed  to  evaluate  system  and  procedures  design  alternatives 
based  on  their  workload  impact.  Such  values  as  ease  of  operation  and  moni¬ 
toring,  accessibility,  and  visibility  of  cockpit  features  are  calculated  as  a 
function  of  the  time  required.  The  human  operator  is  characterized  as  an 
information  processing  system  with  a  memory,  processor,  receptors,  and  effectors 
having  three  basic  functions*  data  acquisition,  planning  and  execution.  Due  to 
the  explicit  mapping  of  human  operator  variables  into  model  parameters,  MESSAGE 
can  provide  diagnostic  information  about  the  nature  and  magnitude  of  specific 
transitory  or  enduring  sources  of  workload. 

Heuristic  models 

Heuristic  models  describe  and  predict  human  opeiator  behavior  by  referring 
to  rules-of- thumb.  They  focus  on  the  probability  that  an  operator  will  be 
prompted  to  take  corrective  action  given  the  current  state  of  the  system  con¬ 
trolled.  This  approach  is  dynamic  and  can  be  used  to  describe  discrete,  discon¬ 
tinuous,  supervisory  tasks  as  well  as  continuous,  closed-loop  control  tasks. 
Because  it  ie  based  on  probabilistic  criteria,  it  can  explain  why  different 
operators,  faced  with  the  same  task,  may  respond  differently  and  experience 
different  levels  of  workload. 


One  heuristic  approach  applies  fuzzy  set  mathematics  to  the  description  of 
human  operator  performance  and  workload.  It  is  assumed  that  the  behavior  and 
strategies  of  human  operators  is  based  on  their  perceptions  and  decision  rules 
derived  from  past  experiences.  Fuzzy  set  theory  provides  a  mathematical  means 
of  formalizing  the  imprecisely  formulated  linguistic  descriptions  of  decision 
making  processes  and  experiences  whereby  different  levels  of  workload  are  ex¬ 
perienced.  However,  the  utility  of  this  approach  depends  on  the  completness  and 
appropriateness  of  the  heuristics  and  the  abilities  of  skilled  operators  to 
express  their  own  behaviors,  decision  processes,  and  experiences  systematically 
and  precisely  .  In  one  application  of  this  technique  tc  the  measurement  of 
workload  (Moray,  1983),  it  was  assumed  that  different  Individuals  may  attribute 
different  importance  to  the  influence  of  specific  variables  (e.g.,  task  diffi¬ 
culty,  stress,  and  time  pressure).  Thus,  an  experience  of  "rather  heavy  work¬ 
load"  may  be  created  by  different  combinations  of  dimensions  from  one  subject 
to  the  next,  although  there  are  extreme  combination  that  elicit  agreement  from 
everyone.  Variations  in  associations  among  experienced  workload,  task  perfor¬ 
mance,  and  objective  and  physiological  measures  of  workload  can  be  mathemati¬ 
cally  accomodated  using  this  approach. 

Advantages  and  disadvantages 

During  system  design,  time  line  analyses  or  other  types  of  models  are  the 
only  techniques  available  to  predict  the  workload  that  will  be  imposed  by  the 
completed  system.  They  may  identify  conflicts  for  limited  resources,  periods  of 
momentary  overload  in  advance  of  system  construction  and  quantify  the  workload 
impact  of  design  alternatives.  The  quality  of  the  information  is  as  good  as  the 
structure  of  Che  model  and  the  values  selected  or  computed  as  model  parameters. 
An  unintentional  contribution  to  the  analysis  of  workload  provided  by  the  pro¬ 
cess  of  modeling  is  the  requirement  imposed  on  the  model-ar  to  operationally 
define  system  goals,  task  demands,  operator  behaviors,  and  relevant  performance 
indicators.  This  alone  improves  the  possibility  of  accomplishing  a  useful 
workload  analysis  or  prediction,  regardless  of  the  measurement  techniques  used 
subsequently.  In  short,  the  act  of  modeling  causes  the  analyst  to  think  logical¬ 
ly  and  provides  a  framework  for  thought  processes  and  available  data. 


Unfortunately,  these  apparently  objective  analytic  techniques,  used  to 
quantifying  and  predict  the  workload  imposed  on  an  operator  ar.d  the  response  of 
the  system  to  such  demands,  ultimately  reflect  upon  the  subjective  experiences 
of  test  pilots  and  experimental  subjects  used  during  development  and  validation. 
Furthermore,  many  models  of  operator  behavior  were  developed  for  aerospace 
applications.  In  many  cases,  Cooper-Harper  ratings  of  aircraft  handling  quali¬ 
ties  have  been  used  to  validate  model-based  predictions  about  workload  (Hess, 
1977).  Although  vehicle  handling  characteristics  are  related  to  the  level  of 
imposed  workload,  many  other  system-  and  operator-related  parameters  are  equal¬ 
ly  important  to  the  level  of  load  experienced  by  an  operator. 

The  value  of  models  for  predicting  performance  in  situations  thi  t  do  not 
yet  exist  is  limited  by  the  abilities  of  the  human  designers  and  operators  to 
project  themselves  into  situations  that  they  have  not  yet  experienced.  Vali¬ 
dation  with  converging  workload  assessment  techniques  is  necessary  to  supplement 
the  ubiquitious  subjective  ratings  now  employed  in  order  for  them  to  have  value 
for  predicting  and  assessing  the  workload  of  complex  man-machine  systems.  Nei¬ 
ther  paper-and-pencil  not  computerized  models  can  provide  any  more  than  a  con¬ 
ceptual  framework  for  thinking  about  workload-related  problems  if  their  pre¬ 
dictions  have  not  been  tested  against  operational  problems  that  have  been  quan¬ 
tified  Independently.  Models  are  costly  and  complex,  yet  they  rarely  provide 
more  than  a  formalized  subjective  approximation.  They  must  necessarily  focus  on 
overt  behavior,  limiting  their  utility  in  supervisory  control  and  highly  auto¬ 
mated  situations.  Finally,  most  make  unrealistic  a.  sumptions  about  the  motives, 
skills,  and  attention-allocation  and  prioritization  policies  that  are  not  repre¬ 
sentative  of  human  operator  behavior.  Particularly  for  unstructured  models,  the 
lack  of  isomorphism  between  model  parameters  and  human  information  processing 
and  responding  structures  restrict  their  diagnostic  powers,  and  the  lack  of 
unique  mathematical  solutions  weaken  their  utility  even  further. 

APPLICATION  OF  WORKLOAD  ASSESSMENT  TECHNIQUES 

Workload  is  a  complex  subject  that  means  different  things  under  different 
circumstances  for  different  people.  It  may  be  relevant  for  a  variety  of  rea¬ 
sons,  and  it  may  be  assessed  or  predicted  with  varying  degrees  of  success  using 
a  wide  range  of  techniques.  Workload  questions  vary  widely  in  scope  and  focus, 
thus  a  precise  formulation  of  the  question  to  be  answered  by  an  analysis, 
prediction,  or  modification  effort  is  crucial.  Some  workload  questions  may 
relate  primarily  to  the  structure  and  organization  of  the  task  itself  or  the 
range  of  environments  in  which  it  may  be  performed.  Yet  others  focus  on  the 
effort  or  emotional  cost  to  the  operator  of  performing  the  task.  For  example, 
the  question,  "Can  the  operator  do  more?"  might  be  addressed  by  a  different 
analytic  approach  than  the  question  "What  is  the  cost  to  the  operator  of  doing 
more"  or  "Will  che  workload  of  this  task  change  under  weightless  conditions?". 
The  task  requirements,  structure,  and  resources  may  be  identical  in  each  case, 
however  the  measurement  technique  that  will  answer  each  different  question  will 
differ.  Furthermore,  the  information  given  by  each  measurement  technique  re¬ 
flects  a  slightly  different  aspect  of  the  task  and  an  operator's  experience 
with  it.  In  addition,  the  existence  of  an  operational  system  with  which  to 
perform  empirical  testing  may  shape  the  questions  that  can  be  answered  ard  the 
measurement  techniques  that  can  be  used.  Some  questions  may  not  relate  to 
workload  at  all.  Instead,  they  should  be  considered  os  equipment  design  prob¬ 
lems,  matters  related  to  excessive  stress  or  fatigue,  or  labor/management  is¬ 
sues,  without  even  invoking  the  issue  of  workload. 

Many  workload-related  analyses  involve  predicting  the  effect  of  proposed 
systems  on  the  workload  and  performance  of  operators.  Questions  might  relate 
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to  the  physical  design  of  the  hardware,  the  level  of  automation  required,  opera¬ 
tor  selection  and  training,  the  range  of  missions  that  might  be  accomplished, 
and  research  cr  required  (but  unavailable)  technology  that  is  needed.  The  level 
of  uncertainty  inherent  in  such  analyses  varies  directly  as  a  function  of  the 
degree  of  similarity  between  the  proposed  system  and  existing  systems  for  which 
empirical  estimates  of  workload  and  performance  have  been  obtained  or  the  degree 
to  which  subtask  functions  can  be  identified  and  evaluated  analytically.  Since 
the  system  does  not  yet  exist  for  experimental  assessment,  analytic  techniques 
and  subjective  predictions  are  the  primary  assessment  tools.  The  predictions 
must  necessarily  focus  on  imposed  workload  and  hardware  characteristics.  Task 
goals,  such  as  requirements  for  speed  an  accuracy,  the  temporal  structure  and 
intensity  and  complexity  of  task  demands,  system  resources,  envi¬ 
ronmental  variables,  and  the  knowledge  base  and  training  level  required  of 
potential  operators  may  be  included  in  a  task  analysis  or  computer  simulation. 
In  addition,  system  response  characteristics  may  be  included  with  estimates  of 
operator  response  characteristics  based  on  general  models  of  human  behavior.  It 
is  relatively  more  difficult  to  predict  the  perceptions,  strategies,  errors,  and 
subjective  reactions  of  the  operators,  however,  particularly  if  systaa  is  sig¬ 
nificantly  different  than  existing  counterparts. 

A  wide  range  cf  questions  might  be  posed  about  existing  systems.  For  exam¬ 
ple,  momentary  periods  of  extreme  worklcad  or  prolonged  intervals  of  moderate 
workload  might  be  identified  as  a  predisposing  condition  for  an  operator  error 
or  as  the  direct  cause  of  an  incident  or  accident.  This  might  prompt  a  re- 
evaluation  of  current  procedures  or  system  design  to  reduce  or  modify  unac¬ 
ceptable  load  levels.  Less  pressing  questions  might  be  prompted  by  the  need  to 
select  among  alternative  control  or  display  configurations  to  upgrade  an  exis¬ 
ting  system.  Finally,  questions  related  to  the  health  and  job  satisfaction  of 
operators  might  require  an  evaluation  of  crew  workload.  With  an  existing  sys¬ 
tem,  there  is  the  possibility  that  alternative  configurations  or  solutions  can 
be  compared  empirically  and  a  wide  variety  of  measurement  techniques  may  be 
considered  (e.g.,  subjective  ratings,  primary  or  secondary  task  performance 
measures,  modeling  or  task  analysis,  and  physiological  recordings).  The  selec¬ 
tion  of  a  measure  should  be  based  on  the  specific  focus  of  the  research  question 
(e.  g.  imposed  workload,  operator  behavior,  system  performance,  or  the  impact  of 
task  performance  on  an  operator)  and  practical  constraints  imposed  by  the  re¬ 
search  setting.  If  an  empirical  analysis  is  performed  in  an  operational  envi¬ 
ronment,  then  relatively  gross  measures  of  primary  task  performance  (e.g., 
whether  or  not  the  missions  vas  completed),  Imbedded  secondary  task  measures 
that  occur  naturally  within  the  task  environment,  on-line  observer  ratings,  and 
peat-hoc  operator  ratings  might  be  the  only  alternatives  possible.  Although 
measures  of  cardiac  functioning  may  be  less  directly  related  to  operator  work¬ 
load  than  electrophysiological  measures  of  cortical  activity  or  recordings  of 
pupil  diameter  and  eye-point-of-regard,  they  may  the  only  physiological  measures 
that  car.  be  introduced  into  an  operational  setting.  Furthermore,  the  lack  of 
experimental  control  typical  of  operational  environments  and  the  requirement  for 
electronically  "clean"  conditions,  precise  presentation  of  eliciting  stimuli, 
millisecond  accuracy  in  data  recording,  and  high  volume  data  storage  nay  limit 
the  use  of  many  physiological  measures  and  primary  and  secondary  task 
performance  indices. 

The  most  common  situation  is  one  in  which  similar  existing  systems  or 
preliminary  versions  of  proposed  systems  exist  as  full-mission  or  part-task 
simulations.  These  part-task  versions  of  existing  or  proposed  systems  may  vary 
widely  with  respect  to  the  cosmetic  and  functional  accuracy  with  which  they 
represent  the  target  system.  Furthermore,  the  performance  and  workload  esti¬ 
mates  obtained  for  component  tasks  may  or  may  not  accurately  reflect  their 
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contribution  to  overall  task  workload  when  they  are  presented  as  part  of  an 
operational  system.  For  example,  one  controller  might  create  significantly  more 
workload  than  another  in  a  laboratory  task  or  one  display  configuration  might 
result  in  significantly  longer  response  latencies.  However,  the  amount  of 
workload  contributed  bv  even  the  worst  of  these  alternatives  to  overall  system 
workload  might  be  so  limited  that  it  would  be  irrelevant.  Nevertheless,  part- 
task  and  full-mission  simulations  do  permit  empirical  testing,  validation  of 
predictions  about  specific  model  parameters,  experimental  control  over  specific 
variables,  and  the  application  of  a  wide  range  of  individual  and  converging 
measurement  techniques.  The  most  important  concern  in  part-task  research  is 
that  aspects  of  the  target  task  that  are  relevant  to  the  research  questions  are 
Included  and  simulated  with  sufficient  realism.  If  this  can  be  accomplished, 
then  performance  measures  for  secondary  as  well  as  imbedded  tasks  that  are 
relc ’ant  for  measuring  operator  strategies,  behaviors,  and  success  in  meeting 
performance  ciiteria  can  be  recorded,  subjective  ratings  obtained,  and  a  wide 
range  of  physiological  measures  collected. 

Theie  are  so  many  potential  measures  with  which  to  predict  or  assess  work¬ 
load  that  it  may  be  helpful  to  group  them  according  to  the  task  elements  for 
which  they  are  sensitive.  Some  are  appropriate  for  predicting  task  demands 
(e.g.,  time  line  analysis,  mathematical  models,  secondary  task  performance),  the 
behavior  of  the  system  (e.g.,  direction  of  gaze,  reaction  time,  number  and 
accuracy  of  responses,  ratings  by  observers),  or  the  operator's  response  to  the 
ta-k  (e.g.,  subjective  ratings,  hear,  rate  and  variability,  pupil  diameter, 
clectrophysiologic.il  measures).  Within  each  classification,  specific  measures 
relate  to  different  task  elements.  In  addition,  different  combinations  of 
contributing  factors  create  the  unique  workload  situation  characteristic  of  any 
task.  A  diffic.lt  task  may  impose  high  workload  levels  because  great  precision 
is  required;  subtask  rates  exceed  the  response  capabilities  of  a  typical  opera¬ 
tor,  information  is  complex,  there  is  mechanical  interference,  or  the  environ¬ 
ment  in  which  it  is  performed  is  debilitating.  For  another  task,  the  signifi¬ 
cant  contributors  to  task  workload  might  be  the  emotional  stress  imposed  on  an 
operator  or  the  lack  of  sufficient  training.  For  example,  shuttle  re-entry 
workload  may  be  predicted  with  great  accuracy  (it  it  is  performed  by  a  trained 
astronaut),  whereas  exactly  the  same  task  requirements,  performed  Ly  a  truck 
driver  without  benefit  of  a  two-year  training  program,  may  result  in  extreme 
workload.  Thus,  some  assumptions  must  be  made  about  the  probable  sources  of 
workload  in  a  given  task  as  well  as  the  research  questions  to  allow  the  selec¬ 
tion  of  sufficiently  sensitive  measures. 

Few  measures  can  address  one  aspect  of  workload  without  any  Influence  from 
other  variables,  however.  For  example,  it  is  difficult  to  quantify  the  objec¬ 
tive  difficulty  of  a  task  using  subjective  ratings  provided  by  operators  or 
measures  of  performance  without  some  influences  by  operator  strategies,  percep¬ 
tions,  capabilities,  expectations,  incidental  variables,  and  effort.  On  the 
other  hand,  operator  variables  (such  as  stress,  fatigue,  effort)  are  difficult 
to  separate  from  task  goalc,  difficulty  levels,  available  resources,  and  envi¬ 
ronment.  Different  asseament  techniques  focus  more  on  some  aspects  than  others, 
but  few  can  exclude  the  influence  of  other  factors.  Workload  assessment  might 
be  like  peeling  back  the  layers  of  an  onion.  Each  layer  is  as  much  an  "onion” 
as  any  other  layer,  even  though  each  has  a  different  appearance  and  size  and 
some  layers  are  more  accessible  than  others.  Nonetheless,  there  is  some  basic 
essence  of  "onion-ness"  that  relates  them  all.  On  the  other  hand,  there  may  be 
no  "essence  of  workload".  Rather,  there  may  be  a  collection  of  dimensions, 
modifiers,  levels,  and  components  that  combine  to  create  various  types  of  work¬ 
load.  The  important  issue,  then,  is  to  select  measures  that  address  the  speci¬ 
fic  goals  of  the  workload  analysis  that  are  sensitive  to  the  predominant  sources 
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of  loading  in  Che  target  situation  and  are  appropriately  precise.  Too  much 
precision  may  be  as  useless  as  Coo  little.  An  analysis  that  is  too  fine-grained 
nay  be  insensitive  to  the  overal  complexity  of  an  operational  task,  whereas  one 
that  is  too  crude  with  not  be  sufficiently  sensitive.  For  example,  continuous 
measurement  of  control  activity,  even  if  it  is  obtained  with  millisecond  ac¬ 
curacy,  may  be  irrelevant  to  understanding  the  information  processing  workload 
of  a  complex  flight  task,  whereas,  a  single  numerical  rating  of  the  workload 
experienced  during  each  of  several  flight  segments  may  have  no  diagnostic  value 
and  average  across  so  many  different  contributing  factors  as  to  be  meaningless. 

Although  it  is  Important  to  resist  the  temptation  to  select  a  measure 
simply  because  it  is  available  or  in  vogue,  practical  constraints  ate  a  fact  of 
life.  Thus,  a  balance  between  the  scientific  desirability  of  a  measure  and  its 
operational  practicality  it  required.  The  Important  point  is  to  recognize  the 
tradeoff  that  has  been  made  and  interpret  the  data  accordingly.  An  elenant 
model  structure  provides  no  better  information  than  a  rule-of-thumb  guess  by  a 
trained  observer  if  it  has  not  been  validated,  and  thousands  of  data  points 
obtained  from  a  ocalp  electrode  may  provide  no  more  information  about  operator 
behavior  a  simple  frequency  count  of  responses  if  stimulus  presentation  cannot 
be  controlled.  Finally,  a  specific  description  of  what  analyses  were  performed 
and  what  task  elements  were  of  interest  may  avoid  a  host  of  problems.  Rather 
than  calling  every  analysis  "workload  assessment",  it  might  more  accurate, 
useful,  and  diagnostic  to  refer  to  estimates  of  response  frequency,  intensity 
of  effort,  Information  complexity,  emotional  stress,  success  in  meeting  task 
goals,  errors,  or  subjective  experiences.  Whereas  each  may  relate  to  a  single 
entity  (e.g.,  workload),  there  is  so  little  agreement  about  what  that  entity 
might  of  that  precise  definition  and  focus  may  provide  not  only  more  practically 
useful  results,  but  contribute  significantly  to  a  theoretical  understanding  of 
the  construct  of  workload  Itself. 
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Annex  XIII  to  Appendix  R 
WORKLOAD.  PERFORMANCE .  AND  AIRCRAFT 
CONTROL  AUTOMATION 

R-XIII-1.  The  paper,  "Pilot  Workload,  Performance,  and  Aircraft 
Control  Automation"  ia  reproduced  on  the  following  pages.  The 
paper  was  presented  at  the  AG»\RD  symposium  on  Human  Factors 
Considerations  in  High  Performance  Aircraft.  The  symposium  was 
conducted  at  Williamsburg ,  VA  during  April  1984.  The  report  was 
authored  by  Sandra  G.  Hart  of  NASA-rtmes  Research  Center  and 
Thomas  B.  Sheridan  of  the  Massachusetts  Institute  of  Technology. 
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SUMOIT 

This  report  revises  conceptual  and  practical  issues  aasoclated  with 
the  design,  operation,  and  performance  of  advanced  systems  and  the  impact 
of  such  systems  on  the  human  operators.  The  development  of  highly 
automated  systems  has  been  driven  by  the  availability  of  new  technology  and 
the  requirement  that  operators  safely  and  economically  perform  more  and 
core  activities  in  Increasingly  difficult  and  hostile  environments.  It  has 
become  obvious  that  the  workload  of  the  operators,  particularly  their 
mental  oorkload,  may  become  a  major  area  of  concern  in  future  design 
considerations.  There  has  been,  however,  little  research  to  determine  how 
automation  and  workload  relate  to  each  other,  although  it  is  assumed  that 
the  abstract,  supervisory,  or  management  roles  that  are  assuaied  by 
operators  of  highly  automated  systems  will  Impose  Increased  mental 
workload.  The  relationship  between  performance  and  workload,  which  le 
poorly  understood  at  best  for  relatively  simple  tasks,  will  ae  discussed  in 
relation  to  highly  complex  and  automated  environments. 


PRKFACR 

The  goal  of  this  report  is  to  define  and  relate  two  critical  issues 
In  systems  design  and  operation;  automation  and  workload.  It  is  clear 
from  reviewing  the  rationale  behind  the  introduction  of  automation  into 
modern  systems  that  a  principal  driving  force  has  been  the  desire  to 
enhance  system  capabilities  while  maintaining  operator  workload  at 
acceptable  levels.  As  more  and  more  physical  control  activities  have  been 
successfully  automated,  to  be  replaced  by  "mental"  activities  on  the  part 
of  the  human  operators,  there  has  been  a  growing  concern  about  the  problem 
of  mental  workload  and  the  need  to  redefine  the  human's  role  in  automated 
systems.  Thus,  the  topic  of  this  paper  is  the  relationships  among 
different  levels  of  automation  and  different  kinds  of  workload  and  the 
intelligent  allocation  of  functions  between  man  and  machine. 

In  the  past,  discussions  of  automation,  like  discussions  of  workload, 
have  faileo  to  provide  practical  or  theoretically  sound  conclusions.  They 
are  terms  that  everyone  uses,  as  though  there  is  a  shared  understanding  of 
their  meaning.  Yet,  they  are  each  such  complex  concepts  that  no  one 
definition  has  been  universally  accepted  for  cither  one;  definitions  have 
lacked  either  precision  or  failed  to  satisfy  a  sufficient  number  of 
individual  "definitions".  Thus,  the  first  section  of  this  report  will 
deal  with  definitions  of  autoaution,  its  function  and  purpose,  benefits 
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a.id  liabilities.  The  next  section  will  review  traditional  approaches  to 
the  definition  and  assessment  of  workload  and  propose  a  conceptual 
framevork  for  subsequent  discussions.  The  relationships  among  different 
aspects  of  workload  and  different  forms  of  automation  will  be  reviewed  in 
the  next  section  and  the  allocation  of  functions  between  man  and  machine  in 
advanced  systems  will  be  considered  in  the  final  section. 

DEPIHIiTOE  0?  AUTOMATICS 

As  the  micro  chip  invades  our  lives,  ccmputer-batad  automation  has 
become  an  ubiquitous  element  in  the  private  and  professional  lives  of  more 
and  more  people.  Automation  is  a  generic  tent  for  » splicing  human  actions 
by  human  decisions  executed  by  machines  and  for  acccmpl ishirg  clusters  of 
related  tasks  hy  simple,  executive  commands.  As  the  degree  to  which  humans 
directly  "do"  tasks  has  diminished,  the  interaction  between  humans  and 
machines  has  become  increasingly  indirect  separated  by  intervening 
computer-based  systems  tnat  control  the  execution  of  fictions  initiated  by 
Che  operator.  The  terra  "automation"  has  been  applied  to  functions  as 

diverse  as  the  control  of  a  single  quantity  by  a  simple  on/off  mechanism, 
the  concurrent  display  of  information  from  several  sources  for  human 
interpretation,  and  the  control  of  complex  processes  In  which  automated 
systems  replace  certain  human  intellectual  functions  (Ref.  1). 

For  this  discussion,  the  term  "automation"  will  be  applied  to  any  use 
of  a  computer  (or  other  machine)  to  perform  tasks  that  might  otherwise  be 
performed  by  a  human.  It  is  the  process  by  which  essertial  functions  are 
performed  with  partial,  intermittent,  or  no  intervention  by  an  operator 
(Ref.  1)  The  level  cad  type  of  automation  may  be  described  in  terms  of 
locus  of  control  (whether  a  man  or  a  machine  provider  tha  intelligence 
behind  commands  to  a  system),  allocation  of  performance  (whether  a  man  or  a 
machine  actually  executes  a  task),  or  the  type  of  function  automated 
(whether  information  is  received,  data  stored,  recalled  or  processed, 
control  exerted,  monitoring  accomplished ,  and  so  on).  In  addition,  the 
source  of  information,  and  whether  it  is  managed,  manipulated  or  accessed 
by  the  machine  or  the  operator,  or  both,  is  another  tnccor.  Each  of  these 
dimensions  may  be  associated  with  different  allocations  of 
responsibilities  between  men  and  machines  depending  on  the  design  of  a 
system,  its  mission,  and  the  environment  in  which  It  operates. 

Automation  may  be  thought  of  as  a  continuum  rather  than  as  a  discrete 
state.  For  example,  with  respect  to  decision  making  and  control,  (Ref.  2) 
there  Is  a  continuum  between  total  human  control,  in  which  humans  consider 
decision  alternatives  and  then  make  and  implement  the  decisions,  and 
totally  automatic  control  in  which  the  system  makes  and  implements 
decisions  when  it  thinks  it  should  and  informs  the  human  operator  after  the 
fact  only  if  it  thinks  it  necessary.  Intermediate  levels  of  automation 
between  the  two  extremes  in  which  men  and  machines  share  responsiblity  and 
control  might  bei 

1.  The  system  suggests  decision  alternatives  but  the  human  may  ignore 

them. 

2.  The  syatem  offers  decision  alternatives  and  the  operator  must 
select  and  Implement  from  among  them. 

3.  The  system  offirs  decision  alternatives  and  then  implements  tha 
one  selected  by  the  operator. 

4.  The  system  makes  declaims  but  informs  the  operator  in  time  for 
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huMn  intervention  before  implementation. 

S.  The  system  aekes  end  implement*  decisioas,  informing  the  operator 
after  the  fact  either  routinely  or  only  if  asked. 

An  operator'*  experience  with  a  manual  version  of  a  system  or  its 
automated  configuration,  the  distance  between  the  operator  and  the  system 
controlled,  and  the  degree  to  which  the  operations  and  accomplishments  of 
the  automated  system  are  known  to  the  operator  may  determine  whether 
automation  is  recognised,  accepted,  or  used  effectively.  In  addition,  the 
proportion  of  functions  accomplished  by  the  operator  or  by  the  machine  and 
the  operator's  ability  to  control  an  unautomated  version  of  the  system  may 
be  relevant  factors  as  well.  The  length  of  time  a  piece  of  technology 
has  existed  may  Influence  its  inclusion  in  the  set  of  things  "automated"! 
the  newer  a  feature,  the  more  likely  it  is  to  be  Included.  For  example, 
Mlt  would  consider  cruise  control  in  an  automobile  to  be  a  form  of 
automation.  It  is  a  relatively  simple  regulator  available  on  newer  cars, 
but  it  is  an  optional  feature  that  many  operators  have  not  used.  An 

automatic  choke  may  or  not  be  considered  automation,  depending  on  an 

operator's  level  of  knowledge  of  automobile*.  The  function  may  occur 
without  the  knowledge  or  direction  of  a  driver  who  has  never  adjusted  a 
choke  autoswtically,  never  recognizing  it  as  a  separate  entity  unless  it 
malfunctions.  Another  driver  experienced  in  the  operation  of  manual 
chokes  might  appreciate  (or  bemoan)  its  presence,  understand  ita  operation, 
and  monitor  its  action  by  the  sound  of  the  engine.  Thus,  an  element  of 

subjectivity  may  color  the  identification  of  a  feature  or  system  as 

automation.  Yet  another  early  requirement  for  automobile  operation  -  -  the 
manual  adjustment  of  the  spark  advance  -  -  is  now  universally  accomplished 
automatically  and  has  been  for  so  many  generations  of  drivers,  that  it  has 
passed  from  being  considered  "automation"  to  being  thought  of  as  an 
integral  element  of  the  engine. 

WHY  AUTOMATS T  AMD  WHY  NOT* 

Although  there  are  many  real  benefits  to  be  derived  from  automation, 
it  may  be  a  mixed  blessing.  The  fact  that  it  is  technically  feasible  to 
automate  a  function  is  not  s  sufficient  justification  for  doing  so  (Ref. 
3).  In  some  Instances,  the  decision  to  automate  some  or  all  of  the 
components  of  a  man-machine  system  is  based  on  a  desire  for  increased 
safety  or  reliability  by  reducing  the  opportunity  for  human  error.  This 
might  be  accomplished  by  automating  routine  tasks  that  involve  memorizing 
and  monitoring  or  those  with  strict  time  constraints.  The  decision  to 
automate  may  stem  from  a  desire  to  avoid  excessive  workload  (e.g.  factors 
auch  as  information  overload  or  tasks  that  must  be  performed 
simultaneously).  Automation  may  be  provided  to  improve  performance.  This 
might  be  accomplished  by  assigning  tasks  that  require  precision  or 
complex  mathematical  computations  to  machines  or  by  providing  operators 
with  automatic  warning  of  Impending  failures  or  emergencies.  In  addition, 
automation  might  Increase  human,  and  therefore  system,  capabilities  by 
permitting  activities  that  humans  do  not  have  the  capacity  to  perform 
(Refs.  4,  5).  Finally,  there  may  be  economic  reasons  for  automation  such 

as  fuel  efficiency,  reduction  in  crew  complement,  more  reliable  scheduling 
(Ref.  3),  and  reducing  reliance  on  extensive  ground  support  (Ref.  5). 

Some  of  the  potential  drawbacks  of  autosutlon  include  a  reduction  in 
operator  skills,  system  understanding,  or  job  satisfaction,  and  limiting 
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opexatora*  abilities  to  respond  in  a  timely  way  when  the  unexpected  occurs. 
In  addition,  operator  inactivity,  complacency,  as  well  as  overall  system 
cost  might  be  increased  by  automation.  Seme  problems  might  be  avoided  by 
applying  automation  more  selectivity,  allowing  operators  to  choose  among 
automatic  and  manual  modes,  and  providing  operators  with  additional 
training  or  meaningful  activities  to  ma'ntain  their  involvement  with  the 
system.  Operators  must  value  and  trust  the  automated  systems.  If  the 
machines  sre  safe,  efficient,  and  reliable,  and  if  they  are  responsive  in 
allowing  operators  to  interact  in  natural  ways  and  provide  appropriate 
information  about  the  state  of  the  system,  many  potential  problems  might  be 
avoided.  Finally,  humans  should  not  be  required  to  perform  menial  tasks 
that  subordinate  them  to  machines  (Refs.  4,  S). 

THEORIES  AND  DEFINITIONS  OF  WORKLOAD 

The  costa  and  benefits  of  task  performance  to  the  operator  of  a 
systea  results  from  the  mission  requirements  that  the  designer  of  the  task 
intended  to  satisfy  that  are  modified  by  many  factors  stemming  from  the 
task,  the  environment,  and  the  operator.  One  type  of  cust  that  results  1b 
the  complex  phenomenon  termed  "workload".  Although  this  term  has 
intuitive  meaning  for  moat,  its  precise  and  objective  definition  has  eluded 
both  scientific  and  engineering  communities.  To  the  extent  that  automation 
changes  the  goals,  structure,  or  resources  available  for  a  task  it  may  be 
expected  to  change  the  workload  experienced  by  operators  as  well.  As  the 
tasks  of  interest  have  become  less  routine  and  as  the  computer  has  become  a 
cooperative  party  in  decision-making  and  control,  the  appropriate  basis  for 
defining  workload  has  become  even  more  elusive.  This  is  particularly  true 
when  describing  the  transient  workload  occurlng  when  a  dull  monitoring  task 
suddenly  becomes  a  frantic  effort  to  assume  control  of  a  vehicle  following 
a  system  failures  or  emergenciej. 

Automation  la  often  introduced  to  reduce  the  physical  workload  of  an 
activity,  a  goal  that  has  been  accomplished  with  great  success.  In  other 
cases,  it  has  been  introduced  to  allow  s  reduced  crew  complement  or  to 
enable  existing  crew  members  to  perform  additional  tasks.  However,  a 
concomitant  of  providing  automated  systems  has  been  the  introduction  of 
substantially  increased  mental  workload  in  place  of  the  reduced  physical 
workload,  due,  In  part,  to  the  added  burden  of  supervising  or  monitoring 
the  automation.  This  tradeoff  between  physical  and  mental  workload  has 
been  inferred  rather  than  proven,  however,  because  mental  processes  are 
rarely  available  for  direct  measurement  or  quantification.  Computers  may 
soon  accomplish  auch  a  large  proportion  of  the  direct  control  of  most 
systems  that  operators  will  become  supervisors,  decision  making  will 
replace  controlling,  passive  monitoring  will  replace  closed-loop 
integration,  and  theoretical,  high-level  system  knowledge  will  replace 
mechanical  understanding.  Thus,  there  is  increasing  need  to  monitor, 
measure,  define,  and  control  whatever  "mental  workload”  is  to  keep  it 
within  the  capabilities  of  the  human  operator. 

The  cost  to  the  system  hardware  of  performing  its  part  in  a  man- 
machine  system  might  be  termed  "workload"  as  well,  but  this  type  of 
workload  can  be  sectored.  For  example,  computer  cycle  time,  bytes  of 
memory  required,  processing  capacity  or  fuel  resources  consumed,  mechanical 
strain,  exceedance  of  tolerance  limits,  and  rate  of  throughput  might  serve 
as  objective  indicators  of  the  load  placed  on  a  machine  by  performing  « 
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task.  Although  sum  intervening  variables  sight  affect  this  value  (e.g. 
environment  or  maintenance)  the  machine  is  not  free  to  perceive  the  task 
requirements  in  any  way  other  than  literally.  Individual  biases, 
different  strategies,  or  variations  In  allocation  of  effort  are  not 
possible.  Every  response  is  overt  and  predetermined  by  the  system 
architecture. 

The  precise  definition  and  measureae.it  of  operator  workload  has  been 
the  topic  of  debate  and  research  for  decades.  Each  different  theoretical 
or  practical  approach  has  devoted  attention  to  different  aapecta  of  this 
complex  conatruct.  Many  measures  of  workload  have  been  developed  without  a 
theoretical  foundation,  thus,  they  cannot  predict  what  sight  happen  in  a 
new  situation  and  the  phenosMna  observed  under  one  set  of  circumstances 
cannot  be  extended  to  other  circumstances  with  any  degree  of  assurance. 
Unfortunately,  many  or  most  current  techniques  for  developing  workload 
measures  are  inherently  circular.  Because  it  is  difficult  to 
independently  and  objectively  predict  the  workload  that  e  task  will  inpose, 
it  is  equally  difficult  to  objectively  validate  candidate  measures.  If 
different  task  levels  produce  variation  in  the  measure  being  validated, 
then  the  measure  is  thought  to  have  "succeeded”.  If  not,  then  it  has 
"failed”  and  one  is  not  able  to  determine  whether  the  result  occurred 
because  the  task  demands  were  different  than  anticipated.  Because  there  are 
no  standardised  tasks  available  by  which  to  impose  known  levels  of 
workload  under  specific  environmental  and  situational  constraints,  there  is 
no  concrete  anchor  against  which  proposed  measures  or  theories  rsu  be 
tested. 

Research  has  shown  excellant  agreement  among  some  measures  of  workload 
and  among  aome  manipulations  of  different  task  parameters  but  none  in 
others  (Ref.  6).  Lack  of  agreement  among  different  measures  of  workload 
may  occur  for  a  variety  of  reasons,  not  the  least  of  which  is  that  many 
commonly  used  measures  are  neither  appropriate  for  nor  sensitive  to 
variation  in  workload.  For  those  measures  that  are  valid  and  reliable, 
however,  the  discrepancy  may  occur  because  different  measures  are 
selectively  appropriate  for  different  dimensions  of  the  complex  phenomenon 
of  workload. 

To  many  syctem  designers  and  human  factors  engineers,  workload  is 
defined  by  the  demands  of  a  task  -  -  literally  the  "work"  that  la  "loaded" 
on  an  operator.  This  formulation  has  served  as  the  explicit  basis  for  task 
analytic  approaches  to  the  measurement  of  workload  and  as  the  implied 
foundation  for  other  approaches.  In  the  tradition  of  ergonomics,  workload 
has  been  conceptualised  as  effort,  particularly  physical  effort  expended 
in  an  attempt  to  meet  task  demands.  This  earlier,  physical  focus  required 
the  measurement  of  overt  action*  by  external  consequence  (e.g.  buttons 
presses)  or  Internal  changes  (e.g.  muscular  movement).  The  temporal 
component  of  workload  has  been  emphasized  by  characterizing  workload  as 
"time  pressure"  (e.g.  time  required  versus  time  available).  The  typical 
measures  adopted  for  this  approach  have  been  time  and  motion  studies  and 
subjective  ratings. 

Various  models  of  tbs  h« yu.n  operator  h  ve  been  developed  in  which 
workload  was  varied  as  a  nodal  parameter  w.'  ectiaated  in  a  predictive 
sense.  For  example,  the  optimal  control  model,  which  was  originally 
proposed  for  continuous  manual  control,  characterized  the  human  operator  as 
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an  optimal  state  estimator  and  controller.  Workload  was  assumed  to  relate 
to  the  effort  required  to  improve  an  inadequate  internal  model  of  the 
system.  Decision  models  focused  on  the  operator's  sampling  of  information 
from  different  displays  to  make  dynamic  decisions  sbout  scheduling  taske. 
Workload  was  assumed  to  relate  to  uncertainty,  time  pressure,  switching 
from  one  task  to  another,  and  planning.  In  information  theory  models, 
definitions  of  task  demands  and  predicted  performance  have  been  derived 
from  conditional  probabilities  and  workload  imposed  by  different  activities 
estimated  by  the  fraction  of  the  operator's  attention.  Other  researchers 
have  conceived  of  workload  in  terms  of  physiological  correlates  of  arousal 
and  stress.  They  evaluated  these  factors  by  measuring  physical  changes  in 
heart  rate,  respiration,  muscle  tension,  ard  pupil  size.  The  role  of 
workload  in  operator  job  satisfaction,  corporate/unicn  negotiations,  and 
interpersonnel  relations  has  been  studied  with  emphasis  on  the  subjectively 
experienced  levels  of  workload  as  reported  by  the  operators. 

More  recently,  workload  definitions  have  focused  on  cognition  and 
attention  and  have  emphasized  mental  rather  than  physical  workload.  The 
shift  in  focus  from  measuring  arousal  and  physical  activity  or 
quantifying  task  load  purely  in  terms  of  overt  actions  has  accompanied  th*i 
introduction  of  automation  into  systems  that  were  previously  characterized 
by  direct  physical  control.  A  typical  conceptualization  would  involve  the 
definition  of  workload  in  terms  of  the  attention  required  by  a  task,  or  the 
additional  capacity  yet  remaining  to  perform  another  task,  with  possible 
reference  to  the  intensity  of  mental  or  physical  effort  exerted.  A  common 
paradigm  employed  within  this  framework  is  the  dual-task  or  secondary- tack 
paradigm  in  which  an  additional  task  is  superimposed  on  a  primary  tank. 
Objective  performance  tn  this  task  ir  evaluated  aa  an  estimate  of  how  much 
reserve  capacity  la  available  after  performing  the  primary  task.  Measures 
of  the  electrical  brain  activity  that  accompanies  cognition  under  different 
levels  of  workload  have  been  obtained  by  recording  single  trial,  averaged, 
or  steady  atate  cortical  evoked  potential. 

CONCEPTUAL  FRAMEWORK  FOR  THE  ANALYSIS  OF  WORKLOAD 

In  order  to  allocate  responsibility  for  and  control  of  system 
functions  intelligently,  measures  of  human  workload  must  be  developed  which 
are  equal  in  objectivity,'  reliability,  and  validity  to  measure?  of 
machine  workload.  Many  ephemeral  and  unobservable  variables  are 
potentially  involved.  Thus,  seme  form  of  organized  framework  is  needed  to 
relate  the  many  factors  that  are,  or  have  been  thought  to  be,  relevant  in 
predicting,  measuring,  experiencing  and  defining  human  workload. 

The  structure  and  content  for  such  a  conceptual  framework  will  be 
outlined  in  this  section.  It  la  not  intended  as  a  theory  of  workload,  but 
rather  as  an  organized,  operationally  defined  description  of  relevant 
Issues.  The  term  "imposed  workload"  will  be  used  to  refer  to  the 
situation  encountered  by  an  operator  a  man-machine  system.  It 
encompasses  the  task  objectives  and  structure  as  conceived  by  the  creator 
of  the  task,  the  environment  in  which  it  is  to  be  performed,  and  incidental 
variables  that  might  occur  during  any  given  performance  of  the  task. 
However,  it  Is  the  operator's  perception  of  what  is  required  that  is  the 
prosiwacs  driving  force  behind  the  strategies  selected  and  the  resources 
coma,  it  Eeu ,  rather  than  the  conception  of  the  task  det-igner. 


Performance,  then,  occur*  as  a  consequence  of  effort  exerted  by 
operator*  to  accomplish  their  perception  of  the  ta*k  requirement*.  The 
level  of  performance  achieved  reflect*  the  strategies  adopted,  the 
operator'*  physical,  sensory,  and  cognitive  skills,  and  the  level  ol  effort 
exerted.  Direct  feedback  and  knowledge  of  results  Inform  operators  whether 
they  have  selected  the  correct  strategy  and  are  exerting  sufficient  effort. 
In  aJdltlon,  such  information  allows  operators  to  Improve  their  knowledge 
and  skills  through  practice,  thereby  creating  additional  capabilities  to 
apply  to  the  tasks.  However,  operators  may  not  be  consciously  aware  of 
every  task  and  Incidental  variable,  the  processes  underlying  decisions  and 
actions,  or  the  effect  of  different  environmental  factors.  Thus,  the  level 
of  workload  that  is  experienced  by  operators  is  limited  by  the  content  of 
consciousness  and  may  be  modified  by  preconceptions  held  by  the  operators 
about  workload. 

IMPOSED  WORKLOAD 

Task  analyses  are  used  to  define  the  Inputs  needed  and  outputs 
required  in  advance  of  the  design  or  construction  of  a  system.  They  may 
specify  the  environment  In  which  the  task  Is  to  be  performed,  the  skill  and 
knowledge  requireawnts  for  operators,  likely  sources  and  types  of  errors, 
and  time  requirements  and  schedules.  However,  the  workload  to  be  imposed 
on  the  operator  can  only  be  estimated  by  such  analyses  because  workload  is 
primarily  a  human-centered  rather  chan  a  task-centered  variable  (Ref.  7) 
and  may  be  influenced  by  a  variety  of  factors  in  addition  to  task 
specifications.  Furthermore,  the  workload  imposed  by  the  total  task  and 
experienced  by  the  operator  may  be  considerably  different  than  one  would 
expect  from  an  analysis  of  those  components  that  are  evident. 

Task  Objectives 

In  general,  human  behavior  is  goal  directed;  actions  are  performed  and 
information  is  processed  to  accomplish  some  objective.  The  goal  may  be 
expressed  generally,  leaving  the  operator  free  to  select  among  a  variety 
of  strategies,  actions,  and  solutions.  Alternatively,  the  goal  may  Include 
specific  constraints  and  requirements.  The  objectives  of  the  task  may 
define  an  upper  or  lower  limit  or  provide  a  range  of  acceptable 
performance  on  relevant  variables.  Even  if  the  criteria  are  not 
explicitly  stated,  the  fact  that  an  experimenter  measures  one  variable 
rather  than  another,  or  that  information  is  given  about  one  parameter 
rather  than  another  may  provide  implicit  information  to  an  experimental 
subject  about  what  is  expected  or  considered  important.  Thus,  such  factors 
as  the  level  of  precision  required  of  or  suggested  to  the  operator  for 
speed,  accuracy,  efficiency,  creativity,  or  reliability  may  vary  widely 
from  one  activity  to  the  next. 

Task  objectives  may  or  may  not  be  influenced  by  the  level  of 
autosuition  provided  to  assist  the  human  crew  of  a  complex  system.  For 
example,  safe  flight  is  always  the  goal  of  any  trip  by  air,  yet  the 
physical  environment  in  which  such  a  flight  is  expected  to  occur  and  the 
nua&er  of  crew  members  required  is  often  determined  by  the  level  of 
automation  provided.  The  unacceptable  consequences  of  an  unaided  human 
error  or  perforsuace  deficit  may  prompt  machine  aiding  in  the  hope  that  the 
required  level  of  performanca  can  be  met.  Conversely,  the  availabllty  of 
automated  features  may  lead  to  additional  task  requirements,  simply  because 
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the  machines  alone  or  in  a  supporting  capacity  make  better  performance 
possible.  One  potentially  negative  consequence  of  this  latter  posalblity 
ia  that  the  human  operators  of  a  highly  automated  system  can  no  longer 
ach'eve  the  required  performance  criterion  should  the  automated  system 
fail.  Por  example,  the  pilot  of  an  advanced  helicopter  flying  nap-of-the- 
earth  missions  against  enemy  targets  at  night  under  adverse  weather 
conditions,  cannot  "see"  :o  fly  without  night-vision  aide  which  also 
display  images  and  Information  transmitt  by  sensors  and  he  cannot 
simultaneously  control  the  vehicle,  navigate,  and  operate  weapons  systems 
without  stability  and  control  augmentation  systems. 

Thus,  technology  has  made  it  possible  for  human  operators  to  conduct 
more  sophist icated  missions  and  operate  under  more  difficult  conditions 
than  their  earlier  counterparts  (Ref.  1).  As  a  result,  the  electronic 
systems  designed  to  aid  pilots  may  actually  complicate  their  job.  They  may 
be  confronted  with  too  much  information  to  be  assimilated  and  acted  upon 
and  be,  in  the  words  of  one  sceptical  pilots,  "killed  with  kindness".  They 
may  have  to  operate  in  a  situation  where  successful  performance  it 
impossible  without  the  automated  systems.  Yet,  should  any  or  all  of  the 
automated  systems  fail,  a  pilot  or  antromut  may  still  have  to  land  the 
vehicle  safely  or  a  nuclear  power  plant  operator  mst  resolve  an  emergency 
to  insure  their  own  survival  and  the  success  of  the  mission. 

Task  objectives  should  be  a  major  factor  in  assigning  crew  duties  or 
selecting  functions  to  automate.  Functions  that  are  required  to  satisfy 
system  goals  should  be  given  primary  consideration.  Less  critical  features 
might  be  automated  if,  and  only  if,  their  automatic  performance  unloads 
human  operators  to  allow  them  to  perft-m  other,  more  critical,  tasks  for 
which  they  are  more  essential.  Task  objectives  themselves  are  rarely 
determined  or  modified  by  a  machine  in  current  systems;  this  function  ie 
still  reserved  for  human  managers  and  operators.  In  the  future,  however, 
subsystem,  and  eventually  system,  goals  may  be  formulated  by  robeta  or 
expert  systems  that  have  been  programmed  with  the  decision  making  processes 
and  value  systems  of  their  designers  and  programmers. 

Environmental  Variables 

The  physical  environment  of  a  task  is  created  by  the  location  (e.g.  on 
earth,  undersea,  at  very  low  or  very  high  altitudes,  or  in  space),  climate 
(temperature,  humidity,  air  quality,  vibration,  etc),  workstation  layout, 
noise  and  lighting  levels,  and  degree  of  threat  fror  natural  or  man-made 
sources.  The  social  environment  is  created  by  the  interactions  among 
physically  present  members  of  a  crev  or  with  others  vis  voice,  video,  or 
computer  link.  The  environment's  impact  may  be  indirect  or  direct  and,  in 
fact,  some  tasks  may  be  impossible  to  perform  in  some  environments,  no 
matter  how  much  effort  an  operator  exerts.  For  example,  identical  tasks 
performed  in  a  non- Judgemental  environment  with  no  ego-  or  life-threatening 
consequences  of  poor  performance  (or  the  same  task  performed  in  a  more 
threatening  environment)  may  impose  different  levels  of  workload  because 
operators  may  adopt  different  strategies,  change  their  performance  criteria 
or  experience  differing  stress.  Well-learned  behaviors  performed 
"automatically"  and  with  minimal  workload  in  a  simulator  mey  require 
considerably  more  attention  and  additional  effort  to  perform  in  space 
under  weightless  or  reentry  conditions  or  during  high-noise,  hign- 
vtrbration  nap-of-the-earth  helicopter  flight.  Clothing  designed  to 
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protect  operator*  fro*  hostile  environments,  such  es  radiation  or  heat 
protection  suits,  space  suite,  or  diving  gear,  although  necessary,  say 
further  increase  the  difficulty  and  discomfort  of  working  in  nonop t leal 
environments. 

Tasks  performed  in  environments  that  require  life  support  systems 
impose  additional  requirements  including  the  need  to  control  and  maintain 
ths  environment  itself  (Ref.  5).  Temperature,  air  quality,  and  cabin 
pressure  are  but  a  few  of  the  concerns  facing  the  operators  of  vehicles 
operating  in  such  environments.  In  general,  machines  have  been  delegated 
tha  primary  responsibility  for  monitoring  and  maintaining  systems  necessary 
to  sustain  life.  These  systems  require  an  operator's  attention  only  if 
they  malfunction,  much  as  the  human  autonomic  nervous  system  maintains 
homeostasis  without  the  conscious  attention  or  control  of  the  individual. 
The  absolute  requirement  that  such  systems  function  continuously  and 
reliabllty,  however,  make  them  a  continuing  concern  for  the  human  crew. 
Periodic  monitoring  is  ususally  required  Just  as  individuals  monitor  the 
state  of  their  internal  systems  with  annual  physical  exams  or  oth«r  self¬ 
checks. 

Ta.ik  Structure 

Temporal  organization.  Most  activities  have  an  organizational  or 
procedural  structure  reflected  in  the  duration  of  the  task,  the  rate  and 
ordar  in  which  task  elements  must  be  performed,  and  the  degree  to  which 
task  elements  can  be  deferred.  For  some  activities,  formal  procedures  may 
govern  every  aspect  whereas  for  others  the  time  taken  to  perform  a  task  and 
the  sequencing  of  elements  may  be  left  to  the  the  operator's  discretion. 
The  workload  Imposed  by  a  task  may  be  either  minimally  or  substantially 
affected  by  the  time  pressure  associated  with  its  performance.  It  is 
assumed  r»»5t  there  is  a  minimum  time  required  to  accomplish  component 
tasks.  The  time  taken  to  perform  a  task,  is  assumed  to  equal  the  time 
required  for  each  component  plus  the  time  taken  to  switch  between  task 
components.  Time  pressure  is  defined  as  the  ratio  between  the  time 
required  to  perform  a  Cask  and  the  time  available  for  its  performance  (Ref. 
8).  As  this  value  nears  unity,  workload  is  assumed  to  Increase. 

Even  if  the  amount  of  time  available  to  perform  a  task  is  sufficient, 
a  stressed  or  busy  operator  may  overestimate  how  quickly  time  seems  to  be 
passing,  and  experience  even  more  time  pressure  chan  actually  exists.  This 
experience  can  lead  to  an  operator  adopting  strategies  that  are 
appropriate  for  a  situation  that  does  impose  time  pressure  (e.g.  hurrying 
to  finish  task  elements,  expci ienclng  undue  feelings  of  pressure  or 
shedding  less  Important  elements)  but  may  not  be  appropriate  for  the 
current  situation. 

An  earlier  solution  of  the  problem  of  time  pressure  was  to  add  more 
human  operators.  Economic  factors  and  the  avallabllllty  of  cheap,  light¬ 
weight  microprocessors  have  suggested  a  new  solution;  automating  one  or 
more  aubtasks.  Many  forms  of  automation  have  bean  Incorporated  into 
SMdern  systems  such  as  aircraft,  with  the  result  that  crew  members  are 
increasingly  responsible  for  more  tasks  than  can  be  performed  in  the  time 
available.  Performance  of  transport  aircraft  in  the  increasingly  complex 
air  traffic  control  system  is  made  possible  only  by  che  addition  of 
stability  and  control  augmentations,  navigation  command  systems. 
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informatiunal  displays,  alerting  and  warning  tysteas,  and  automatic  air- 
ground  communications  (Kef.  9).  The  pilot's  role  in  the  system  has  been 
adjusted  according?/.  Bis  role  as  a  system  manager  reflects  the  degree  to 
which  rcutice  flight  functions  htve  been  automated  so  that  the  majority  of 
his  duties  have  become  supervisory.  A  potential  problem  with  this  solution 
is  that  tasks  necessary  for  safe  operations  must  still  be  performed  even  if 
the  automated  systems  should  fail,  placing  pilots  under  even  greater  time 
pressure  than  with  the  original  manual  systems,  usually  under  conditions  of 
high  stress  and  uncertainty 

System  Resources .  The  resource*  available  to  the  operator  of  a  modern 
system  include  information,  equipment  (including  computers),  software,  and 
other  crew  or  support  oeraonnel.  To  some  extent,  operator  workload  and 
system  performance  may  rely  on  the  human  operator'*  ability  to  manage  and 
use  effectively  the  naourcv*  available.  Some  task  elements  may  require 
simultaneously  the  same  information,  or  equip&ant,  or  mental  or  physical 
resources  of  an  operator  and  therefore  a^y  ba  difficult  to  perform 
concurrently.  Other  task  elements  require  different  resources,  or  limited 
amounts  of  the  same  resources,  and  may  be  performed  concurrently  with  ease. 


If  an  automated  system  displays  summary  information  about  entire 
mission  segments  or  even  integrated  relationships  among  relevant  system 
elements,  the  operator  need  perform  only  a  aingle  task  at  any  time  -  - 
initiating  the  automated  sequence  of  event*  or  recognizing  the  completion 
of  such  a  sequence.  This,  obviously,  has  the  potential  for  reducing  the 
pilot's  workload.  Integration  means  much  more  than  the  physical  connection 
or  networking  of  devices.  It  ahould  imply  coordination  and  eyntheaia  in 
transmitting  appropriate  and  sufficient  information  in  a  convenient 
location  or  allow  complex  control  actions  to  be  initiated  by  a  simple 
selection.  The  format  of  a  display  is  extremely  important  -  -  complex, 
crowded,  unstructured  "dumps"  of  obliquely  coded  digital  data  makes  the 
tar's  of  extracting  information  very  difficult.  For  example,  replacing 
multiple  dials,  in  which  Che  same  indicator  position  represented  a  nominal 
state  by  a  digital  readout  requires  Che  operator  to  read  each  digital  value 
Individually  instead  of  quickly  scanning  across  a  set  of  dials  to  make 
certain  that  all  indicators  are  oriented  properly.  Alternatives  such  as 
graphics,  symbology,  and  shape,  color,  or  position  coding  as  well  as  an 
organized  sequence  of  presentation  can  make  information  that  is  known  to 
the  system  more  readily  available  to  the  human  operator.  In  addition, 
computet- generated  displays  make  possible  the  presentation  of  many  foima  of 
related  Information  in  a  common  format. 


If  the  performance  characteristics  of  the  controls  and  displays 
through  which  an  operator  and  an  automated  system  interact  fit.  the 
operator's  mental  model  ci  the  system,  then  the  resources  made  available 
by  automation  will  have  greater  utility.  If  they  do  not  match  his  mentei 
representation,  then  he  must  perform  additional  mental  operations  to 
translate  back  and  forth  between  displays  of  actions  and  hi*  internal 


representations  of  them  (Ref.  1),  thereby  increasing  mental  workload  and 
decreasing  system  efficiency.  For  example,  because  automobile  cruise 
control  doea  not  have  preview  of  road  condition*,  it  lags  in  decelerating 
down  hills  snd  accelerating  up  hill*  thereby  failing  to  match  the  driver's 
learned  anticipation  of  when  to  initiate  *  change  in  acceleration  to 
achieve  constant  velocity;  the  operation  of  the  automatic  syatem  does  not 
match  the  operator's  mental  model  of  the  way  the  task  ahould  be  performed. 
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Operator  qualification* 

Pav  t«tk*  ara  designed  without  some  assumption*  about  the  background 
and  akilla  of  potantial  oparatora.  The  criteria  a ay  be  related  to  formal 
education,  phyaical  capabilitiea,  peat  experience,  aex,  age,  or  peraonality 
traita  ,  to  name  a  few.  System*  are  designed  to  accoaodate  most  potential 
operator*,  and,  when  procedure*  and  training  program*  are  established,  it 
la  with  the  capabilities  ond  previous  experience  of  the  potential 
operator*  in  aind.  In  reaearch  setting*,  the  subject  population  nay  be 
constrained  to  potential  users  of  the  system  under  investigation  or  include 
a  random  sample  of  Che  population  iu  general. 

As  msd«tn  systems  are  altered  by  different  levels  of  automation,  the 
training  required,  assumed  knowledge  base,  and  selection  criteria  for 
operators  may  change.  For  example,  a  computer  programmer  might  manage  a 
highly  automatad  aystem  more  effectively  then  a  pilot  who  knows  a  lot  about 
aviation  but  little  about  computera.  During  the  tranaltloa  from 
predominantly  manual  systems  to  predominantly  automatic,  the  role  of 
operators  will  shift  from  direct  contiol  to  management.  The  qualities 
aaaoclated  with  success  in  one,  may  not  be  appropriate  for  the  other,  and 
additional  training  may  not  provide  an  adequate  solution.  If  sufficiently 
well-trained  cr  capable  individuals  cannot  be  found  to  operate  advanced 
systems,  then  the  level  of  information  given  to  the  operators,  and  thus 
their  understanding  of  the  system,  must  be  simplified  so  as  to  allow  them 
to  use  the  system  at  all.  Thus,  operators  may  not  have  to  know  very  much 
to  operate  the  system,  but  they  may  never  understand  what  they  are  doing  or 
why. 

Incidental  Variables 

The  task  variables  described  above  are  intended  or  potential  aud  may 
noc  completely  describe  the  workload  Imposed  during  actual  task 
performance.  If  a  situation  la  carefully  controlled,  the  experienced  level 
of  workload  should  be  almiljr  to  che  intended  level.  However,  the  level 
that  waa  intended  in  advance  may  be  modified  by  incidental  variables 
specific  to  the  environment,  the  operator,  or  the  system-  Por  example, 
environmental  conditions  different  from  those  that  were  expected  or 
unanticipated  phyaical  and  emotional  states  of  an  operator  may  modify  the 
task  ltse’f  or  the  operator's  perception  of  it.  Errors  made  by  the 
operator  or  someone  else  or  a  hardware  malfunction  may  have  a  momentary 
effect  on  workload  or  Influence  the  remainder  of  the  task  by  altering  its 
structure  or  organization  (Ref.  10).  Recognizing  and  diagnosing 
unexpected  situations  may  increase  workload  even  if  no  corrective  action  is 
taken.  Considerable  additional  effort  may  be  required  to  provide  s  remedy. 
If  an  etrot  disrupts  che  completion  of  practiced  sequences  of  behaviors, 
the  additional  load  might  be  much  greater  than  it  would  appear.  Even  if  no 
additional  taska  are  performed,  completing  the  remaining  task  elements  out 
of  sequence  or  with  conscious  attention  to  details  that  are  normally 
accomplished  automatically  may  substantially  increase  workload. 

Incidental  variables  may  modify  the  workload  ao  that  what  la  imposed 
on  an  individual  during  c  specific  performance  of  a  task  may  be 
substantially  different  from  one  time  to  the  next  or  they  may  9liaply 
contribute  "nolae"  to  the  results  of  laboratory  or  simulation  research. 
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Sine*  incidental  variables  nay  occur  during  the  most  carefully  planned 
task,  their  potential  contribution  to  workload  must  be  considered.  The 
change  in  workload  associated  with  their  appearance  way  be  calculated  and 
iucluded  in  a  revised  post  hoc  assessment  of  workload  and  may  be 
anticipated  in  determining  the  envelope  within  which  the  task  could  be 
performed. 

OI'IHATOR  VARIABLES 

Perception  of  Task  Demands 

Because  the  operator's  understanding  of  what  he  is  expected  to  do 
forms  the  basis  for  Ms  actions  and  experiences,  there  stsy  be  s  major 
discrepancy  between  the  workload  of  a  task,  as  conceptualized  by  its 
designer  and  the  workload  experienced  by  a  specific  operator.  With 
training  and  appropriate  feedback,  an  operator’ e  perception  of  what  ha  is 
expected  co  do,  and  how,  will  more  closely  match  the  incended  objectives 
and  structure. 

Whether  an  operator  views  the  task  as  a  collection  of  unrelated  and 
separate  actions  or  as  an  integrated  whole  may  affect  how  the  tack  is 
perceived,  whether  automatic  behaviors  are  invoked,  hov  strategies  are 
selected,  and  how  resources  are  used.  Experts  tend  to  think  in  terms  of 
larger  ocnle  units  than  novices  (Ref.  1)  They  consider  *  group  of  related 
tasks  as  functional  units  to  avoid  being  buried  in  Che  minutiae  of 
recognizing  end  performing  each  sub-element.  They  perform  component 
eleaente  without  conscious  attention,  recognize  complete  patterns  of 
information  and  initiate  automated  sequences  cf  related  actions  with  a 
single  decision,  thereby  reducing  workload.  Furthermore,  they  can  relate 
Che  workload  of  the  current  situation  to  many  previous,  similar  occurrences 
of  the  Cask,  and  perceive  the  current  experience  relative  to  past  on»«, 
having  to  pay  special  attention  only  to  the  things  that  are  different. 
Components  of  such  tasks  are  performed  relatively  automatically  and  there 
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requirements  and  their  understanding  about  what  resources  are  available  to 
them  may  suffer  with  the  addition  of  automation.  If  operators  perceive 
their  new  role  to  be  essentially  passive  or  superfluous,  then  the 
likelihood  that  they  will  interact  with  or  monitor  the  performance  of 
automated  systems  may  decline  until  the  operators  are  no  longer  performing 
even  a  managerial  or  supervisory  role.  This  may  occur  as  a  result  of 
complacency,  alienation,  or  lack  of  interest. 

Operator  Strategies 

The  goals  end  structure  of  some  tasks  require  adherence  to  particular 
strategies  if  good  performance  is  to  be  achieved  with  acceptable  workload. 
For  example,  some  tasks  (Ref.  12)  must  be  done  Immediately  because  they  ere 
so  important  or  because  they  vili  become  more  difficult  or  impossible  co  do 
If  there  Is  any  delay.  Other  tasks  can  be  deferred  for  several  minutes 
with  no  loss  of  performance  or  change  in  task  difficulty,  but  they  must  ce 
done  within  some  time  window.  The  remaining  tasks,  such  as  planning  and 
preparing  for  future  evencs,  are  still  required  for  safe  operations  but  are 
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noC  time-critical.  Theac  activities  can  be  deferred  usually  should  more 
time-critical  tasks  intervene  but  Che  operator  must  keep  ah*ad  on  planning 
tasks  and  not  be  caught  short  as  deadlines  approach. 


The  role  of  atracegies  la  particularly  important  because  it  is  this 
factor  that  determines  which  of  the  available  resources  are  used,  the  level 
and  type  of  effort  exerted,  and  the  interim  system  performance  goals  and 
informational  feedback  considered  relevant.  An  operator  may  allocate 
different  amounts  of  his  resources  to  a  task,  or  some  aspects  of  it,  and 
may  adopt  a  variety  of  strategies  to  accomplish  his  perception  of  what  is 
required.  The  strategies  selected  may  depend  on  the  operator's  experience 
and  level  of  understanding  of  the  task  or  the  desire  to  select  an  eaaler 
approach  or  one  that  would  take  advantage  of  hit  skills  and  strengths. 
Whether  or  not  an  operator  uses  optional  automated  features  in  developing 
and  executing  hia  strategies  depends  on  his  underscandlng  of  the 
automatic  systems,  hie  opinion  of  their  utility  and  reliability,  and  the 
importance  placed  on  their  uae. 

Operator  Capacity 

Whenever  a  task  is  performed,  particular  capabilities  and  resources 
are  required  from  the  operator.  Such  resources  may  include  physical, 
sensory,  and  cognitive  processing  skills,  and  a  general  knowledge  beae. 
Workload  may  be  influenced  by  the  degree  to  which  an  operator  hAS  the 
expected  skills  and  background.  An  experienced  operator  will  adopt 
efficient  strategies,  uae  established  patterns  of  actor  response,  and  exert 
appropriate  effort  in  a  timely  way,  thereby  minimizing  workload.  In 
addition,  skilled  operators  are  more  likely  to  have  an  accurate  perception 
of  task  goals  and  performance  criteria,  thereby  increasing  the  probability 
that  their  behavior  will  be  efficient  and  effective. 

Unexpected  events  or  failures  may  affect  akilled  operators  differently 
than  unskilled.  Equipment  failures,  environmental  changes,  or  errors  may 
disrupt  automatic  sequences  of  behavior  for  the  trained  operator  (thereby 
increasing  his  workload).  Woras,  however,  these  abnormalities  may  go 
unnoticed  by  the  confused  novice.  Skilled  operators  may  recover  from 
their  own  errors  or  equipment  failures  with  little  increase  in  workload, 
whereas  novices  may  not  notice  a  problem  until  it  has  become  critical  or 
they  may  fail  to  compensate  for  it  effectively.  An  operacor  experienced 
in  the  control  of  a  basic  mechanical  system  might  not  understand  the 
additional  functions  end  structure  of  an  automated  system.  By  contrast,  an 
operator  that  was  trained  sa  a  high  level  user  of  a  fully  automated  system 
might  understand  the  computer-based  management  system,  but  nave  little 
knowledge  of  the  underlying  mechanical  functions.  Tnuc,  the  types  of 
failures  that  could  be  recognised  or  resolved  effectively,  and  the 
associated  level  of  workload,  are  Influenced  by  the  level  of  operator 
training  and  skill. 

The  concepts  of  capacity  and  resource  allocation  have  intuitive  appeal 
in  the  analysla  of  workload.  However,  they  are  difficult  concepts  to  deal 
with  operationally  (kef.  7)  and  do  not  provide  sufficiently  well-defined 
structures  to  predict  or  measure  workload.  The  apparent  "capacity”  of  an 
individual  to  perform  work  is  a  vety  complex  function  of  the  structure  of 
the  task  Itself,  end  the  operator's  training,  strategics,  motivation,  and 
ability  to  downloa'  simple  functions  and  groups  of  related  tasks  to  lower 
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3,  there  la  no  erperant  value  in  invoking  the 
city.  Given  experience,  appropriate  task 
iflnce  feedback,  exceptionally  complex  end 
can  be  performed  successfully  with  apparently 
d.  Furthermore,  by  identifying  tao.’t  parnitotera 
•J  tlva  Gone  processing  resources  or  re  3  pen  a.  a 
automation  of  ore  or  more  functions  could 


ate  prcdict.-d  or  euiating  problems. 


Not  only  does  an  operator  direct  his  "resources"  toward  a  task,  but 
he  ej.arta  effort  in  a  variety  of  ways.  Physical  effort  is  the  easiest  to 
conceptualize,  observe,  and  Erasure,  yet  ita  contribution  to  the  workload 
in  modern  systems  is  diminishing.  Mental  effort,  although  not  directly 
ob  .'•'tv -able,  say  be  inferred  from  task  performance,  physiological 
recordings,  and  subjective  reports  but  it  is  difficult  to  quantify 
d  •  e t ly .  It  serves  aa  a  potent  intervening  variable  between  measurable 
stimuli  and  measurable  responses. 

The  human  mind  ia  never  still,  never  unused.  The  thoughts  of  an 
operator  occupied  by  the  most  tedious  and  boring  jobs  may  be  filled  with 
complex  and  detailed  daydreams,  intricate  plans,  or  philosophical  musings. 
The  Cask  itself  may  require  no  mental  work,  but  the  individual  nay  engage 
in  elaborate  mental  activities  nonethelecs.  Such  mental  activities  are  not 
required  by  the  Jobi  they  still  occupy  the  operators  mind  -  -  a 
spontaneous  (and  relatively  invisible)  secondary  task.  Certain  mental 
processes  may  be  thought  of  as  more  difficult,  more  loading,  or  more 
capacity-consuming  than  others,  yet  there  ia  no  objective  mechanism  with 
which  this  can  be  measured.  It  might  ba  core  parsimonious  to  characterize 
the  cental  effort  devoted  to  a  task  by  the  degree  tc  which  the  operator's 
cental  facilities  are  "captured"  by  and  devoted  to  achieving  the  goals  of 
the  task.  The  problem  remains,  then,  one  of  measuring  the  degree  to  which 
a  task  captures  or  consumes  the  thoughts  of  an  operator. 

An  operators'  contribution  to  a  man-machine  system  can  be 
characterized  by  the  degree  to  which  different  types  of  behaviors  (e.g. 
monitoring,  sensing,  information  processing,  interpreting,  decision 
making,  information  storage,  and  control)  are  required.  Each  behavior 
requires  different  resources  and  acme  may  be  performed  more  effectively  by 
a  human  operator,  coca  by  a  machine.  Different  types  of  behavior  may 
correspond  to  different  levels  of  mental  or  physical  effort  (Ref,  9,  11). 
Skill-based  behaviors  (corresponding  to  conventional  manual-control 
activities  in  which  the  operator  receives  iicmediate  feedback  about  his 
actions)  may  be  performed  automatically  with  little  conscious  thought  and 
are  likely  to  contribute  little  to  experienced  workload.  Rule-based 
behaviors  (including  procedural  activities  performed  according  to 
established  sequences  of  familiar  actions,  learned  algorithms,  habitual 
patterns,  information  processing,  and  short-term  planning)  involve  a  higher 
level  of  processing  and  are  thus  associated  with  greater  mental  workload. 
Knowledge-based  behaviors  (requiring  operators  to  perform  complex 
interpretation  and  decision  making,  and  derive  novel  solutions  with  limited 
or  delayed  feedback)  require  the  highest  level  of  processing  and  thus  the 
greatest  mental  workload. 
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Xany  lover  level,  less  mentally  taxing  tasks  are  priae  candidates  for 
autcmatiou.  If  rules  exist  for  the  performance  of  a  task,  or  if  veil- 
defined,  clostd-locp  control  is  required,  then  it  is  likely  that  the 
function  could  be  performed  by  a  machine.  This  leaves  the  more  demanding 
tasks  for  the  human  operator.  While  it  ia  in  thia  domain  that  human a 
continue  to  out* par fora  machines,  these  behaviors  impose  the  maximum  levels 
of  workload  and  the  locus  of  the  load  ia  within  the  operator  where  it  ia 
difficult  to  observe  or  assess .  In  addition,  these  types  of  behavior  a fa 
the  ssost  difficult  to  learn  and  the  easiest  to  forget  because  they  are  the 
aost  abstract.  Thus,  assigning  akiil-based  and  rule-based  behaviors  to 
machines  sidy  only  shift  the  source  of  load  within  the  operator  from  direct 
sensation  or  physical  control  to  interpreting,  problem-solving,  deciding, 
and  predicting!  high  workload  tasks. 

PSa7C2MAaCX 

Operator  performance  ia  a  critical  element  in  translating  imposed 
workload  info  experienced  workload.  Performance  not  only  provides  a  kind 
of  input  to  the  system  (operator's  experience  their  own  performance) ,  but 
it  also  provides  observable  outcomes  that  can  be  monitored  and  measured. 
It  is  assumed  that  operators  generally  do  their  beat  to  achieve  their 
perception  of  the  task  requirements.  In  addition,  they  may  compare  how  well 
they  are  doing  to  a  previously  established  standard,  and,  if  there  la 
something  to  be  learned,  they  may  adopt  more  efficient  strategics,  download 
function*  to  lower  levels  of  activity,  or  modify  their  behavior  to  improve 
performance.  Tlius,  with  human  operators,  the  output  is  always  fed  back  to 
become  an  input  even  when  no  feedback  mechanisa3  are  explicitly  added  by 
the  designer  and  the  existence  of  the  feedback  ia  not  observable  from  ths. 
outside  of  the  operator's  body. 

For  tasks  that  include  many  levels  of  automation,  evaluating  the 
performance  of  human  operators  from  the  outside  may  be  diflicult,  as  the 
majority  of  their  behaviors  may  be  monitoring,  sensing,  processing, 
interpreting,  decision  making,  and  storing  information  -  -  all  cognitive 
processes  chat  are  invisible  to  an  outside  observer  until  an  overt  response 
in  made.  Since  many  stabilization  and  ''tight  loop"  control  activities  are 
now  performed  by  machines,  the  results  of  the  operator's  efforts  in 
automated  eystems  may  be  witnessed  only  indirectly  and  infrequently  by  an 
outside  observer  or  by  the  operator  himself. 

There  is  no  simple  relationship  between  workload  and  performance  (Ref. 
8),  even  though  the  primary  reason  given  for  measuring  workload  ia  to 
predict  performance  (Ref.  12)  Then,  why  not  measure  performance  directly, 
especially  since  performance  can  be  measured  relatively  more  easily  than 
workload?  The  answer  is  that  a  high  level  of  performance  can  be  maintained 
as  task  demands  and  mental  workload  gradually  increase  -  -  right  up  to  the 
point  where  the  operator's  abilities  are  exceeded  (or  he  lowers  his 
performance  standard)  and  performance  deteriorates  abruptly.  It  has  been 
assumed  that,  if  suitable  measures  of  mental  workload  can  be  found,  they 
would  be  better  predictors  of  future  performance  than  measures  of  current 
performance.  In  other  words,  mental  workload  may  be  the  ber-t  prediction  of 
what  might  happen  to  che  system  If  task  demands  were  increased  still 
further. 

Excellent  performance  may  be  found  with  easy  tasks  that  impose  low 
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verVlo.-,!-!-  o_  with  difficult  task#  that  challenge  an  operator  to  cobilise 
t: tcsourccxj.  On  the  other  hand,  poor  performance  may  reflect  extreme 
effort  in  rasponoe  to  a»  impossible  task  or  inadequate  effort  in  response 
to  ea  enjy  tank.  In  addition,  performance  esy  be  necessarily  evaluated 
:  '.v.'s  to  cn  £".t  otendard  that  ia  rot  appropriate  or  reasonable  for 

.  ■>  ;or,t  situation.  i?.:v crthelco 3 ,  the  relationship  between  workload  sad 
i' r ia  iv.oortant  for  practical  reasons  because  ona  pay  be 
«.v;ri  tiefi  for  the  other;  operators  say  shed  tasks  to  maintain  acceptable 
;>r  inct*.-nca  effort  to  achieve  cona latent  perfozmace.  Achieving 
acceptable  porforrcince  for  the  required  length  of  time  with  «n  sc cent  able 
la/al  cf  on-orator  workload  is  a  typical  design  goal.  Therefore,  a  iky 
i;sr;u»  ic  whether  or  . not  the  operator  can  do  what  ia  required  for  a®  long  as 
ia  necessary  with  ncae  margin  of  safety.  The  potential  fox  trading  off 
performance  to  reduce  workload,  or  increasing  effort  to  protect 
performance,  can  be  left  cither  to  the  discretion  of  the  operator  (within 
limits),  or  modified  by  additional  training,  different  procedures  or  task 
rasuircKente  or  the  provision  of  automated  functions.  Although  failure  to 
perform  a  task  adequately  say  well  suggest  a  workload-related  problem, 
analysis  of  tne  entire  situation  is  required  to  determine  whether  variation 
in  one  (e.g.  changes  ia  performance)  reflects  a  concomitant  change  in  the 
other. 


It  nay  be  useful  to  disci iminate  tasks  that  cannot  be  performed 
because  of  obviously  inadequate  information,  inaccessiblity  of  controls,  or 
hostile  environment,  from  thooe  that  can  be  performed,  but  at  the 
necessary  cost  of  high  workload.  In  other  words,  one  should  not 
substitute  the  terra  "workload"  for  performance  decrements  related  simply  to 
design  deficiencies.  Fur thenar. re,  human  operators  have  physiological  and 
psychological  serda  that,  if  not  met,  may  negatively  impact  thair  ability 
to  perform  a  task.  (Kef.  4)  Human  performance  deteriorates  rapidly  when 
physiological  needs  for  nourishment,  sleep,  comfort,  and  health  are  not 
mat.  In  addition,  performance  may  be  degraded  by  psychological  factors, 
such  as  prolonged  periods  of  high  stress,  fear,  conflict,  or  inactivity. 
Blaming  "workload"  for  the  consequent  deterioration  in  performance  ia 
neither  correct  nor  useful. 

?kk7ok:ia:?c2  fkkdkack 

The  operator's  perception  of  how  well  he  is  performing  a  task  on  a 
mant-to-ncmant  basis  (as  in  a  cloaed-loop  control  situation)  or  in  a  more 
general  sense  (as  in  a  management  cr  supervisory  control  task)  may 
Influence  hia  perception  of  the  task,  the  strategies  he  selects,  the  effort 
he  exerts,  and  his  subjective  evaluation  of  the  experience.  Some  forms  of 
feedback  provide  operators  with  limited  information  about  the  general 
state  of  the  system  whereas  others  provide  informition  about  the  effects  of 
the  operator's  own  actions.  Operators  may  choose  to  change  their 
strategies,  exert  additional  effort,  or  commit  different  resources  on  a 
tack  as  a  consequence  of  knowledge  of  results.  Vi th  either  direct  feedback 
(such  as  proprioceptive  feedback  of  control  movements)  or  knowledge  of 
reoulte  (such  as  a  display  of  vehicle  deviation  from  the  desired  course), 
operators'  general  knowledge  and  specific  skills  may  ba  improved  through 
practice,  thereby  creating  additional  capacities  to  apply  to  subsequent 
tasks . 

An  operator's  ability  to  assess  the  immediate  situation  is  clearly 
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dapendant  ca  the  currency  of  the  informational  feedback.  Control  dssciaioaa 
baa%d  on  the  operator's  knowledge  of  the  system's  state  are  transformed 
into  mechanical  action  b/  exercising  wall-learnad  patterns  of  rasponav  or 
mechanised  subsystem*.  Thus,  tha  accuracy  of  the  operator's  asaeasnant  to 
a  critical  el.tisent  in  determining  jubsequent  behavior,  whereas  tha  actual 
control  input  or  ceousaad  ref lasts  a  relatively  trivial  execution  o£  & 
ootcatiaily  cc  lex  mental  process.  Automation  can  reduce  an  operator's 
workload  if  it  provides  displays  and  controls  that  match  hiu  rsentj! 

representation  of  the  tasks  and  if  the  information  is  converted  to  a  cc . non 

medium  end  presented  ia  on  integrated  fora.  Direct  proprioceptive  feedback 
ff:.y  *iao  provide  necessary  information  to  the  operator  about  the  quality  of 
his  control  input,  particularly  if  the  response  of  the  system  is  delayed. 
tor  vxaaple,  in  the  P-18  aircraft,  electrical  signals  from  an  isometric 
controller  replaced  the  combination  of  control  by  human  end  mechanical 
linkages.  Compliance  in  the  control  stick  was  provided  to  replace  tha  lost 
proprioceptive  feedback,  when  pilots  had  difficulty  in  flying  without  any 
''feel"  to  tha  control  stick  Clef.  1). 

Automation  can  mask  the  relationship  between  cause  (operator  action) 
and  effect  (change  in  the  stats  of  the  system)  by  delaying  in  time  or 
distorting  in  character  the  isomorphism  between  operator  actions,  ayataa 
state,  and  knowledge  of  results  with  different  feedback  signals  frem 
different  oubayatead  occurring  at  different  times  as  a  rcauit  of  a  single 
action.  Furthermore,  the  form  of  knowledge  of  results  that  ia  provided  ia 
generally  negative  in  nature;  that  is,  the  status  of  automated  systems  may 
not  be  presented  unless  there  is  something  wrong.  Another  problem  in 
system*  with  multiple  automated  sensors  is  that  information  from  various 
sources  may  not  be  presented  in  a  usefully  integrated  form,  or  information 
from  one  source  might  not  agree  with  that  fro  a  another.  The  format  and 
content  of  the  display  might  not  relate  to  the  operator's  conception  of  the 
task  and  the  cognitive  skills  end  language  .equired  for  interaction  are 
different  if  concrol  ia  effected  directly  than  if  it  is  effected 
indirectly  via  computer  interface. 

The  piesence  of  multiple,  delayed  and  distorted  feedback  loops  make  it 
difficult  for  operators  to  estimate  the  instantaneous  state  of  a  system  or 
develop  functional  mental  models  of  it.  This  may  lead  to  situations  in 
which  errors  are  likely.  People  tend  to  make  small  slips,  deviation?,  or 
errors  continuously  in  the  same  way  that  any  active  closed-ioop  mechanism 
makes  errors;  when  there  is  adequate  feedback,  they  immediately  tend  to 
correct  these  errors.  Thus,  human  reliablity  may  be  a  matter  of  providing 
timely  and  meaningful  feedback.  However,  undetected  and  uncorrected  errors 
are  likely  when  such  feedback  is  delayed,  ambiguous  in  associating  operator 
actions  with  system  states,  or  lacking  altogether.  The  occurrence  of  human 
errorr,  particularly  errors  that  have  substantial  impact  on  the  system, 
surely  increases  the  workload  subsequently  imposed  on  an  operator. 
Additional  errors  associated  with  inadequate  feedback  aggravate  the 
situation.  This  may  continue  to  be  a  serious  problem  ae  automation  is 
increased. 

Thus,  the  workload  that  is  actually  imposed  on  a  specific  operator 
during  a  given  performance  of  a  task  is  the  sum  (or  the  remainder)  of  the 
intended  task  demands,  modified  by  the  environment  in  which  the  task  la 
performed,  filtered  by  the  perceptions  of  the  operator,  his  capacities, 
strategies,  and  behaviors,  and  the  resulting  performance.  Under  controlled 


R-XIII-21 


-18- 


■  lt''i  operators,  th-isa  potential  sourc-tn  of 

>*  Leva  little  ipyset.  'do** aver.  In  4  realistically  ccci>l«* 

'.f  t\  •  R'Jitt  tonal  f  tie  fora  any  detsrKioe  the  lsval  of 

■  '.?  i  yy^-c.4  by  tha  to-.?.1'..  Is  is  thii»  phanexonon,  then,  that 


':  .~h  1  r. .•’ '  .•■'..•••i.j.l  :  ".y  oerpar  loses  tits  workload  imposed  by  a 

i '  f  ;;.:r  ly  .c;  a  cm  .af.xor.ee  of  previous  lixp^riencea,  biases,  and 
Ji.- ,;:it  t.-.trs  .-ytU.-ia  the  neturo  o;-d  purpr.se  of  a  task  (Ref.  8,  13).  To 

a.'  ;. a.  the  vorkload  imposed  by  a  task  may  be  completely  defined  by  its 
Structure,  r  -.-.ar:.;  cr ; -nixstion,  and  goals,  (regardless  of  whether  the 
par forgone*  criteria  arc*  rat).  To  others,  the  effort  exerted,  or  the 
a  0  to  which  ths  to  sU  cot  tares  their  attention,  uetert?  inse  the  workload 
';riancad.  To  y-t  others,  success  or  failure  ia  costing  the  de.eunda  of 
the  task  or 3  a  key  elc.vtnt  in  choir  experience  of  workload.  Ocher 
factors  each  a.:  acroou  and  futijva  are  responsible  for  the  level  of 
work lend  experienced  by  aoac,  while  frustration  or  time  pressure  may 
create  different  levels  experienced  by  other*?. 

•Jot  only  la  there  considerable  variability  in  the  dimensions  that 
different  individual*  ni >ht  include  in  a  definition  of  workload  (perhaps  no 
nor a  than  a  or- nan tic  issue),  but  it  has  been  found  in  laboratory  and 
simulation  research  that  subjective  evaluations  of  experienced  workload 
by  different  people  covary  with  different  te.sk  variables  (Ref.  14).  It  is 
possible  that  the  subjective  experience  of  workload  is  a  weighted  average 
of  the  "amounts"  of  the  different  factors  that  are  present  in  a  situation 
(a.;;,  task  difficulty,  uncertainty,  tins  pressure,  stress,  and  success  or 
failure).  The  "weights"  applied  by  different  people  to  various  e  least*  ts  of 
objective  ana  experienced  workload  nay  vary  from  one  person  to  the  next, 
however,  although  scese  factors  have  been  feund  to  be  core  ccasison  (e.g.  task 
demands,  stress)  than  others  (e.g.  fatigue,  rise  pressure).  Even  though 
so • o  variation  in  such  biases  or  individual  definitions  of  what  affects 
each  parson’s  rxneriencc  workload  has  been  found  within  individuals  across 
time,  the  differences  were  not  great  (Ref,  16). 

One  he-,  'it  of  differentiating  the  subjective  experience  froa  the 
do  .rand  s  that  are  Ic.poeed  on  an  individual  is  methodological!  it  suggests  a 
potential  source  of  the  variability  that  is  observed  In  ratings  obtained 
from  different  ir.  ; '  /I  duals  who  experienced  apparently  identical  situations, 
furthermore,  if  individuals  feel  loaded,  than  it  is  likely  that  they  will 
b a have  aa  though  they  are  loaded.  That  ia,  they  say  adopt  strategies 
appropriate  for  high  workload  conditions  (which  may  or  may  not  be 
appropriate  for  the  current  situation)  and  experience  physiological  changes 
associated  with  high  workload.  Thus,  the  importance  of  the  subjective 
experience  of  workload  cay  extend  beyond  its  influence  on  subjective 
ratings,  es  it  nay  affect  behavior  (and  thus,  performance)  as  well  *»s 
physiological  functions  that  reflect  emotional  stress  or  workload. 

An  important  point  to  remember,  however,  ia  that  the  subjective 
experience  of  workload  is  not  necessarily  the  same  aa  a  subjective  rating 
of  workload.  In  order  to  provide  an  estimate  or  evaluation  of  the  workload 
experienced,  an  individual  can  only  refer  to  his  conscious  experience,  or 
hia  memory  of  an  experience.  By  contrast,  a  rating  of  workload  may  reflect 
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the.  operator’s  conscious  perception  of  the  tack  demands  and  his  ova  overt 
response*  to  the®.  The  result  is  that  a  rating  may  or  may  not  accurately 
reflect  one’s  internal  or  mental  behaviors  and  processes  (Ref.  15), 
depending  on  the  individual’s  skill  in  introspection  and  the  degree  to 
which  the  relevant  factors  are  available  for  conrr.'.oua  inspection. 

The  relationship  between  experienced  workload  and  different  levels  of 
automation  is  not  clear.  The  intention  of  automation  is  that  is  reduces 
the  number  of  tasks  to  be  performed  which  should  diminish  the  workload 
experienced.  However,  aa  manual  control  tasks,  for  which  assessment  i  might 
be  made  with  relative  eaaa,  are  replaced  by  supervisory  and  management 
tasks  Chat  involve  primarily  mental  behaviors  (that  are  leas  accessible  to 
conscious  inspection)  and  as  leas  information  is  available  about  success  or 
failure,  the  factors  responsible  for  different  experiences  of  workload  are 
less  obvious.  In  addition,  even  though  control  may  be  assumed  by  a 
machine,  the  operator  is  still  ultimately  responsible  for  the  success  cf  a 
mission.  This,  coupled  with  the  fact  that  automation  is  often  accompanied 
by  additional  responsibilities  and  requirements,  may  reault  in  an  increase 
in  experienced  load.  Ocher  factors,  leas  directly  tied  to  the  task,  any 
influence  experienced  workload  as  well.  The  operator’s  satisfaction  with 
hi*  new  "automated"  job,  his  understanding,  trust,  and  acceptance  of  the 
system,  his  ability  to  interact  with  the  system  and  recover  from  errors  nay 
have  considerable  impact  on  his  perception  and  experience  under  different 
levels  of  automation  (Ref.  5) 

DEFINITION  OF  WORKLOAD- StSLATSD  QUESTIONS 

It  is  essential  to  have  a  precise  formulation  of  the  question  to  be 
answered  by  a  workload  analysis.  For  example,  the  question,  "Can  the 
operator  do  more?"  might  be  addressed  by  a  different  analytic  approach  than 
the  question  "Can  this  task  be  performed  under  weightless  conditions  with 
the  same  workload?"  Other  questions,  still  within  the  legitimate  domain  of 
workload  analysis  might  include  "How  many  crew  members  or  how  much 
automation  is  required?"  or  "Is  this  display  format  preferable  to  that 
one?"  Some  workload  questions  may  relate  primarily  to  the  structure  and 
organization  of  the  task  itself,  some  to  rhe  range  of  environments  in  which 
the  task  may  be  performed,  and  yet  others  to  the  effort  or  emotional  coat 
to  the  operator  to  perform  the  task.  Some  questions  may  not  relate  to 
workload  at  all.  Instead,  they  ahould  be  considered  as  equipment  design 
problems,  matters  related  to  excessive  stress  or  fatigue,  or 
labor/management  issues,  without  even  invoking  the  issue  of  workload. 

The  problem  of  measuring  workload  under  different  levels  of  automation 
is  great,  because  the  nature  of  the  workload  and  the  operator's  perception 
of  tht  task  is  likely  to  differ.  An  observer  is  faced  with  the  cask  of 
calculating  the  amount  of  phyeical  or  mental  workload  that  was  reduced  by 
the  addition  of  automation  and  also  the  subsequent  change  in  mental 
workload  Imposed  by  the  requirement  to  monitor  and  understand  the  complex, 
computerized  system  providing  the  automation.  In  addition,  it  may  seem 
desirable  to  compare  measures  of  "system  workload"  to  measures  of  operator 
workload  to  assist  in  the  decision  of  which  tasks  should  be  automated  and 
which  assigned  to  human  operators.  This  task  may  be  difficult  or 
Impossible  as  it  is  even  less  clear  how  measures  of  machine  load  might  be 
equated  with  measures  of  human  load. 
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nr.;  y  et  that  can  bn  p.-yieivtad  interchangeably  by  m<*.a  or  tar-hlnaa, 
..,x;  aa  ecus!  r-uxb-sr  chat  should  ba  perfomed  by  one  instead  of  tha  other. 
T.ior.-*.  are  instances  where  a  so chine  might  be  core  capable  of  gaidirg  end 
v  ;orii  tori  ns  the  h'.x-.un  operator,  and  those  whan  the  operator  she  a  id  retain 
nmorvisory  control.  Jlcvever,  there  la  no  standardized  or  accepted  thacry- 
'  ;  rniC'h-cdol.-.vy  avail.., bio  to  systematically  allocate  functions  borjoen 
cyst a  and  hu: sari  operators.  Similarly,  there  is  no  corccon  basis 
f-;r  V2 b";hi'v;  tha  relative  costs  of  au toast lag  a  function  against  the 
••  osontiai  improvement  in  tha  state  of  the  operators  or  the  performance  of 
tha  tjyst  :n.  Other  concerns  may  be  considered  as  well.  In  selecting  the 
cc-.-nonent#  of  a  cc  upisn  system  it  i3  usually  not  so  such  which  will  so  a 
better  Job,  as  which  will  do  an  adequate  job  for  lass  coney,  lass  weight, 
lens  power,  or  with  a  trailer  probability  of  failure  and  lees  need  for 
....Uutoncacs  (lief.  1). 


Modern  microprocessor  technology  and  display  systems  makf»  it  possible 
f or  computers  and  machines  to  perform  sene  of  the  functions  traditionally 
a a  signed  to  human  operators  (e.g.  monitoring,  computing,  warning,  and 
control).  Routine,  t  ;  -..11-scale,  well-defined  tasks  automatically 
controlled  with  little  need  for  human  intervention  are  likely  to  reside  in 
all  levels  of  modern  ay a toms.  Tasks  that  require  perceptual  or  physical 
abilities  outside  tha  rings  of  human  capabilities  or  risks  for  human* 
should  ba  performed  by  machines.  In  addition,  computation,  storing  end 
ru calling  large  amounts  of  data,  precise,  continuous  end  repetitive  tasks, 
and  detecting  infrequent  signal*  are  likely  candidates  for  automation. 
Eiailly,  it  night  ba  wise  to  automate  tasks  that  require  long  attention 
e:y>nn  or  these  that  humans  do  not  like  to  do  (kefs.  4,  5).  Even  if  tha 
t  ;sko  that  are  automated  are  not  themselves  critical,  such  automation  may 
relieve  operators  to  attend  to  more  important  activities.  Humana  ara 
serial  processors,  and  there  is  cost  in  time  and  additional  workload  lor 
►  ''■‘-j  to  switch  oxen;;  activities  and  keep  track  of  multiple  concurrent 
responsibilities.  Thus,  automation  eight  be  considered  to  alleviate 
situations  in  which  multiple  tasks  have  to  be  performed  concurrently  or 
where  a  number  of  critical  events  occur  at  the  sane  time. 


Tasks  that  require  the  most  complex  levels  of  decision-making  canrof 
yet  b®  automated,  nor  can  functions  that  require  value  judgements. 
Critical,  large-scale,  or  lcs3  predictable  activities  nay  require  greater 
human  assistance,  and  only  humans  can  serve  as  innovators  with  current 
technology.  Humans  should  be  assigned  tasks  that  require  inductive 
reasoning,  solving  unique  or  novel  problems,  or  learning  from  experience. 
If  a  task  entails  interpreting  or  processing  unexpected  or  unpredictable 
events,  or  the  detection  cf  subtle  patterns  in  very  noisy  environments , 
then  a  human  might  be  better  able  to  perform  it  than  a  machine.  Ii. 
addition,  humans  must  perfora  tasks  for  which  rules  and  procedures  cannot 
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be  established  and  should  be  allowed  to  perform  those  tasks  which  they 
enjoy  (Ref#  4,  5).  Operators  want  to  retain  the  ability  to  select  among 
automated  features  and  to  intervene  in  their  operation.  They  are  aore 
likely  to  accept  automation  of  activities  that  they  cannot  per  for  ra 
adequately  or  of  tasks  that  can  be  performed  more  rsliablity  through 
automation  that  also  distract  them  from  pertoraiug  other,  more  critical, 
tasks  (lief.  1) . 

To  a  huiaai!  operators,  performing  any  task  has  an  associated  cost. 
This  "cost11  may  be  measured  in  terms  of  operator  workload,  loss  of 
motivation,  fatigue,  additional  requirements  for  training  and  proficiency 
maintenance,  or  performance  degradation.  There  is  only  so  much  that  an 
operator  can  do  within  the  time  constraints  of  a  mission}  thus  intelligent 
tradeoffs  auat  be  made  so  that  only  those  tasks  for  which  humans  ara 
particularly  suited  are  assigned  to  them  and  other  teaks  are  off-loaded  by 
automation.  Humans  are  readily  bored  by  routine,  repetitive  tasks  and 
become  inattentive  and  make  mistakes  following  extended  periods  of  such 
t.ajka.  They  are  limited  in  strength,  endurance,  sensitivity  to  jcci 
things,  response  apeed,  precision,  ability  to  store  and  recall  largo 
amounts  of  information  precisely,  and  the  environments  in  which  they  can 
operace  safely  and  comfortably.  Thus,  tasks  that  require  repetitive  and 
precise  monitoring  or  control  inputs  night  be  better  performed  by  a 
machine,  leaving  the  human  operator  to  the  supervisory  and  decision  asking 
role  for  which  he  may  be  better  suited.  3y  selectively  providing  different 
levels  of  automation,  innate  capabilities  of  humans  can  be  capitalized  upon 
and  limitations  avoided  Co  come  closer  to  an  optimal  level  of  system 
performance  and  workload  of  man  end  machine. 

HOW  TO  AUTOMATS 

Computer  technology  makes  it  possible  to  develop  dynamic,  integrated, 
and  comprehensive  automated  designs  for  future  systems.  A  committee 
convened  by  the  National  Research  Council  for  the  purpose  of  studying 
automation  in  combat  eircraft  (Ref-  1)  and  a  workshop  on  automation  and 
space  (Ref.  5)  made  a  series  of  recommendations  about  the  design  of 
advanced,  highly  automated  systems.  Adopting  a  systematic  approach  is 
critical  so  that  core  functions  are  automated  first  and  subsequent  levels 
of  automation  are  added  in  an  organised  way.  Piecemeal  automation  ia 
costly,  confusing  to  operators,  and  results  in  partial  solutions  that  a ra 
not  adaptable  to  future  missions.  Computers  have  made  it  possible  to 
display  an  amazing  overload  of  information.  The  next  challenge  will  be  to 
display  Just  what  is  needed,  when  it  is  needed,  In  an  integrated  and  user- 
friendly  format. 

If  system  enhancements  are  not  reliable  and  readily  available  to  the 
crews,  they  will  Le  circumvented  and  ignored.  Extremely  poor  system 
performance  will  be  obtained  if  systems  designed  for  automatic  control  are 
controlled  manually  because  of  design  deficiencies  or  warning  systems  are 
dissabled  because  of  unacceptably  high  false  alarm  rates.  Redundancy  is 
important  as  well  to  allow  operators  to  rely  on  the  advanced  systems  with 
confidence,  although  operators  must  be  sufficiently  trained  on  failure 
modes,  particularly  multiple  failures,  that  mission  safety  can  be 
maintained  in  the  event  that  the  automated  systems  are  degraded  or  fall. 
Acceptcnce  by  the  operators  Is  critical,  as  they  will  not  use  what  they  do 
not  accept.  Thus,  systems  should  be  designed  to  allow  operators  flexiblity 
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t'sa  c  cui... ■■  ant  according  to  their  preference*  and  to  maintain 
uith  .-iultlplc  system  configurations  as  long  as  system 
-~.d  safety  are  •  si;  t  . i d.  Information  to  facilitate  operator 
c  v.Id  he  provi;!.:  J  and  if  the  decisica-tjaking  process  icaeif  io 
ata.l,  the  pr.-ca-luras  should  be  related  to  the  decision  rules 
'->?  h;  operators. 


nutennitioa  is  only  caa  of  nany  ways  to  achieve  acceptable  levels  of 
'an''. load,  reduce  errors,  and  iuprovo  (or  onnanca)  performance.  other 
altsrnaclvne  such  i-.a  revised  procedures,  training  and  improved  system 
doe  ion  might  be  alternatives  to  additional  automation.  The  technical 
feasibility  of  automating  a  function  should  not  provide  the  only 
justification  for  doing  so.  The  use  of  automatic,  intelligent  machines 
'.■ill  not  nsccpaarily  reduce  the  a  noun  r.  of  verk  that  humans  do,  but  nay 
~  tr  :it  the  enhanced  performance  of  more  arid  more  comp  las  tasks.  The 
.v/rplcsion  of  automation  will  continue,  but  its  pace  and  design  should  ba 
t ■; e red  by  understanding  of  and  concern  for  human  operator  workload. 
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